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The Impact of the Scientific Revolution: A Brief History of the 
Experimental Method in the 17th Century 


The American statesman Adlai Stevenson once said, America “can chart 
our future clearly and wisely only when we know the path which has led to 
the present.” [footnote]This is clearly true in the field of science and 
research. Today, as scientists experiment with nanotechnology and venture 
into a wide variety of new scientific disciplines, it remains important to take 
a look back to the origins of scientific discovery and understand some of the 
events that have shaped the world of science, and, more importantly, to 
realize how science behaves as an evolving process. 

1Applebaum, xi. 


Introduction 


The beginning of the seventeenth century is known as the “scientific 
revolution” for the drastic changes evidenced in the European approach to 
science during that period. The word “revolution” connotes a period of 
turmoil and social upheaval where ideas about the world change severely 
and a completely new era of academic thought is ushered in. This term, 
therefore, describes quite accurately what took place in the scientific 
community following the sixteenth century. During the scientific 
revolution, medieval scientific philosophy was abandoned in favor of the 
new methods proposed by Bacon, Galileo, Descartes, and Newton; the 
importance of experimentation to the scientific method was reaffirmed; the 
importance of God to science was for the most part invalidated, and the 
pursuit of science itself (rather than philosophy) gained validity on its own 
terms. The change to the medieval idea of science occurred for four 
reasons: (1) seventeenth century scientists and philosophers were able to 


collaborate with members of the mathematical and astronomical 
communities to effect advances in all fields; (2) scientists realized the 
inadequacy of medieval experimental methods for their work and so felt the 
need to devise new methods (some of which we use today); (3) academics 
had access to a legacy of European, Greek, and Middle Eastern scientific 
philosophy they could use as a starting point (either by disproving or 
building on the theorems); and (4) groups like the British Royal Society 
helped validate science as a field by providing an outlet for the publication 
of scientists’ work. These changes were not immediate, nor did they 
directly create the experimental method used today, but they did represent a 
step toward Enlightenment thinking (with an emphasis on reason) that was 
revolutionary for the time. Assessment of the state of science before the 
scientific revolution, examination of the differences in the experimental 
methods utilized by different “scientists” during the seventeenth century, 
and exploration into how advances made during the scientific revolution 
affected the scientific method used in science today will provide an idea of 
how revolutionary the breakthroughs of the seventeenth century really were 
and what impact they’ve had. 


Science and Philosophy Before the Revolution 


In immediate contrast to modern times, only a few of Europe’s academics at 
the beginning of the scientific revolution and the end of the sixteenth 
century considered themselves to be “scientists.” The words “natural 
philosopher” carried much more academic clout and so the majority of the 
research on scientific theory was conducted not in the scientific realm per 
se, but in philosophy, where “scientific methods” like empiricism and 
teleology were promoted widely. In the 17th century, empiricism and 
teleology existed as remnants of medieval thought that were utilized by 
philosophers such as William of Ockham, an empiricist (d. 1349), Robert 
Boyle (Hall, p 172), a 17th century chemist, teleologist and mechanist, and 
by the proponents of Plato and Aristotle (1st century teleologists and 
abstractionists). Both empiricism, as the theory that reality consists solely 
of what one physically experiences, and teleology, as the idea that 
phenomena exist only because they have a purpose (i.e. because God wills 
them to be so), generally negated the necessity of fact-gathering, hypothesis 
writing, and controlled experimentation that became such an integral part of 


modern chemistry and biology at the beginning of the 17th century. In other 
words, the study of science before the scientific revolution was so 
concentrated on philosophy (such as Aristotle’s conception of “ideas” as 
ultimate truths) as to preclude the development of a scientific method that 
would necessitate the creation of an informed hypothesis to be tested. 
Certain medieval philosophers, however, such as Roger Bacon (1214-1294; 
no relation to Francis), did emphasize the necessity of controlled 
experimentation in coming to a theoretical conclusion, but they were few 
and far between, and generally failed to correctly use the experimental 
method in practice. For example, author Hall wrote that “Bacon [and other 
advocates were] guilty of misstatements of fact which the most trifling 
experiment would have corrected” (Hall, p 163). 


The Advent of the Scientific Revolution — 17th Century 


A. R. Hall, in his book The Scientific Revolution 1500-1800, made the 
observation that a main point dividing scientific thought in the seventeenth 
century from that of the ancient Greeks and medieval Europeans was the 
choice of questions each group sought to answer through their methods of 
research or observation. [footnote]He argued that the first group, that of 
Copernicus and da Vinci (15th and 16th centuries), focused more on 
questions of “how can we demonstrate that...” or “how may it be proved 
that...” that aimed to prove a defined hypothesis true or false, while the 
second group (that of 17th century chemists and physiologists) emphasized 
questions phrased as “what is the relationship between...” or “what are the 
facts bearing upon...” that necessitated fact-finding before a concrete 
hypothesis could be formulated. The most important point to remember 
here is that both the questions posed in the 15th century and those of the 
17th century form part of the definition of a complete modern 
“experimental method” — the first type of question cannot stand alone. A 
concrete hypothesis (question 1) must be accompanied by sufficient, 
independently verifiable observations (question 2) in order for the scientist 
to make a vague inference (a form of hypothesis) that can then be tested 
with a controlled experiment. The way the scientist/philosopher comes by 
this “vague inference” that will form a concrete hypothesis differs, and 
these differences can be described as the scientists’ different approaches 
toward an “experimental method.” The following portion of the module will 


give an idea of the types of experimental methods promoted by 17th 
century scientists as well as their impact on the standard experimental 
method utilized and accepted by chemists, biologists, and physicists today. 
2Hall, p 164 


Case Studies of Scientists and Their “Experimental Methods” 


Francis Bacon (1561-1626): Bacon represents a first step away from 
sixteenth century thinking, in that he denied the validity of empiricism (see 
introduction) and preferred inductive reasoning (the method of deriving a 
general “truth” from observation of certain similar facts and principles) to 
the Aristotelian method of deductive reasoning (the method of using general 
principles to explain a specific instance, where the particular phenomena is 
explained through its relation to a “universal truth”). Moreover, like Roger 
Bacon of the 13th century, Francis Bacon argued that the use of empiricism 
alone is insufficient, and thus emphasized the necessity of fact-gathering as 
a first step in the scientific method, which could then be followed by 
carefully recorded and controlled (unbiased) experimentation. Bacon 
largely differed from his sixteenth century counterparts in his insistence that 
experimentation should not be conducted to simply “see what happens” but 
“as a way of answering specific questions.” Moreover, he believed, as did 
many of his contemporaries, that a main purpose of science was the 
betterment of human society and that experimentation should be applied to 
hard, real situations rather than to Aristotelian abstract ideas. His 
experimental method of fact-gathering largely influenced advances in 
chemistry and biology through the 18th century. [footnote] 

3Hall, p 166, 167 


Galileo Galilei (1564-1642): Galileo’s experimental method contrasted with 
that of Bacon in that he believed that the purpose of experimentation should 
not simply be a means of getting information or of eliminating ignorance, 
but a means of testing a theory and of testing the success of the very 
“testing method.” Galileo argued that phenomena should be interpreted 
mechanically, meaning that because every phenomenon results from a 
combination of the most basic phenomena and universal axioms, if one 
applies the many proven theorems to the larger phenomenon, one can 
accurately explain why a certain phenomenon occurs the way it does. In 


other words, he argued that “an explanation of a scientific problem is truly 
begun when it is reduced to its basic terms of matter and motion,” because 
only the most basic events occur because of one axiom. 


For example, one can demonstrate the concept of “acceleration” in the 
laboratory with a ball and a slanted board, but to fullyexplain the idea using 
Galileo’s reasoning, one would have to utilize the concepts of many 
different disciplines: the physics-based concepts of time and distance, the 
idea of gravity, force, and mass, or even the chemical composition of the 
element that is accelerating, all of which must be individually broken down 
to their smallest elements in order for a scientist to fully understand the item 
as a whole. This “mechanic” or “systemic” approach, while necessitating a 
mixture of elements from different disciplines, also partially removed the 
burden of fact-gathering emphasized by Bacon. In other words, through 
Galileo’s method, one would not observe the phenomenon as a whole, but 
rather as a construct or system of many existing principles that must be 
tested together, and so gathering facts about the performance of the 
phenomenon in one situation may not truly lead to an informed observation 
of how the phenomenon would occur in a perfect circumstance, when all 
laws of matter and motion come into play. Galileo’s abstraction of 
everything concerning the phenomenon except the universal element (e.g. 
matter or motion) contrasted greatly with Bacon’s inductive reasoning, but 
also influenced the work of Descartes, who would later emphasize the 
importance of simplification of phenomena in mathematical terms. 
Galileo’s experimental method aided advances in chemistry and biology by 
allowing biologists to explain the work of a muscle or any body function 
using existing ideas of motion, matter, energy, and other basic principles. 


René Descartes (1596-1650):Descartes disagreed with Galileo’s and 
Bacon’s experimental methods because he believed that one could only: 


“(1) Accept nothing as true that is not self-evident. (2) Divide problems into 
their simplest parts. (3) Solve problems by proceeding from simple to 
complex. (4) Recheck the reasoning.” [footnote |That these “4 laws of 
reasoning” followed from Descartes’ ideas on mathematics (he invented 
derivative and integral calculus in order to better explain natural law) gives 
the impression that Descartes, like many 17th century philosophers, were 


using advances in disciplines outside philosophy and science to enrich 
scientific theory. Additionally, the laws set forth by Descartes promote the 
idea that he trusted only the fruits of human logic, not the results of physical 
experimentation, because he believed that humans can only definitely know 
that “they think therefore they are.” Thus, according to Descartes’s logic, 
we must doubt what we perceive physically (physical experimentation is 
imperfect) because our bodies are external to the mind (our only source of 
truth, as given by God). [footnote|Even though Descartes denounced 
Baconian reasoning and medieval empiricism as shallow and imperfect, 
Descartes did believe that conclusions could come about through 
acceptance of a centrifugal system, in which one could work outwards from 
the certainty of existence of mind and God to find universal truths or laws 
that could be detected by reason. [footnote ]It was to this aim that Descartes 
penned the above “4 laws of reasoning” — to eliminate unnecessary 
pollution of almost mathematically exact human reason. 
Ahttp://www.hfac.uh.edu/gbrown/philosophers/leibniz/BritannicaPages/Des 
cartes/Descartes.html 

5Hall, p 178 

6Hall, p 179 


Robert Boyle (1627-1691): 


Boyle is an interesting case among the 17th century natural philosophers, in 
that he continued to use medieval teleology as well as 17th century Galilean 
mechanism and Baconian induction to explain events. Even though he made 
progress in the field of chemistry through Baconian experimentation (fact- 
finding followed by controlled experimentation), he remained drawn to 
teleological explanations for scientific phenomena. For example, Boyle 
believed that because “God established rules of motion and the corporeal 
order — laws of nature,” phenomena must exist to serve a certain purpose 
within that established order. Boyle used this idea as an explanation for how 
the “geometrical arrangement of the atoms defined the chemical 
characteristics of the substance.” [footnote ]Overall, Boyle’s attachment to 
teleology was not so strange in the 17th century because of Descartes’ 
appeal to a higher being as the source of perfection in logic. 
7http://www.rod.beavon.clara.net/leonardo.htm 


Hooke (1635-1703): 


Hooke, the Royal Society’s first Curator of Experiments from 1662-1677, 
considered science as way of improving society. This was in contrast to 
medieval thought, where science and philosophy were done for 
knowledge’s sake alone and ideas were tested just to see if it could be done. 
An experimentalist who followed the Baconian tradition, Hooke agreed 
with Bacon’s idea that “history of nature and the arts” was the basis of 
science. [footnote |He was also a leader in publicizing microscopy (not 
discovering, it had been discovered 30 years prior to his Micrographia). 
8Hellyer, p 36 


Sir Isaac Newton (1643-1747): 


Newton invented a method that approached science systematically. He 
composed a set of four rules for scientific reasoning. Stated in the Principia, 
Newton’s four way framework was: “(1) Admit no more causes of natural 
things such as are both true and sufficient to explain their appearances, (2) 
The same natural effects must be assigned to the same causes, (3) Qualities 
of bodies are to be esteemed as universal, and (4) Propositions deduced 
from observation of phenomena should be viewed as accurate until other 
phenomena contradict them.” [footnote |His analytical method was a critical 
improvement upon the more abstract approach of Aristotle, mostly because 
his laws lent themselves well to experimentation with mathematical 
physics, whose conclusions “could then be confirmed by direct 
observation.” Newton also refined Galileo’s experimental method by 
creating the contemporary “compositional method of experimentation” that 
consisted in making experiments and observations, followed by inducted 
conclusions that could only be overturned by the realization of other, more 
substantiated truths. [footnote]Essentially, through his physical and 
mathematical approach to experimental design, Newton established a clear 
distinction between “natural philosophy” and “physical science.” 

9Set of four rules, 


10Ibid website. 


All of these natural philosophers built upon the work of their 
contemporaries, and this collaboration became even simpler with the 


establishment of professional societies for scientists that published journals 
and provided forums for scientific discussion. The next section discusses 
the impact of these societies, especially the British Royal Society. 


The Role of the Royal Society 


Along with the development of science as a discipline independent from 
philosophy, organizations of scholars began to emerge as centers of thought 
and intellectual exchange. Arguably the most influential of these was the 
Royal Society of London for the Improvement of Natural Knowledge (from 
official website http://www.royalsocac.uk/page.asp?id=2176), which was 
established in 1660 with Robert Hooke as the first Curator of Experiments. 
Commonly known as the Royal Society, the establishment of this 
organization was closely connected with the development of the history of 
science from the seventeenth century onwards. [footnote |The origins of the 
Royal Society grew out of a group of natural philosophers (later known as 
scientists") who began meeting in the mid-1640s in order to debate the 
new ideas of Francis Bacon. The Society met weekly to witness 
experiments and discuss what we would now call scientific topics. A 
common theme was how they could learn about the world through 
experimental investigation. 

11Brief History of the Royal Society of London : 
http://www.royalsoc.ac.uk/page.asp?id=2176 


The academy became an indispensable part of the development of modern 
science because in addition to fostering discussing among scientists, the 
Royal Academy became the de facto academy for scientific study in 
Europe. Accomplished scientists served as Royal Academy Fellows and 
exchanged ideas both casually and formally through the publication of 
articles and findings. These scholars, especially Francis Bacon, served as an 
important resource for the justification of the new fact-gathering, 
experiment-based experimental method as well as for the validation of 
"modern (17th century) science." Moreover, the work they published 
through the society helped gain credibility for the society and for science as 
a discipline. For example, scholars such as Robert Boyle published 
significant scientific findings in its unofficial journal Philosophical 
Transactions (Dear, p 140). Other famous scientists that joined the society 


included Robert Boyle, Isaac Newton and William Petty, all of whom 
benefited from academic collaboration within the society and from 
increased publicity generated by their published works. 


Dedicated to the free exchange of scientific information, the Royal Society 
of London - and later, its counterparts throughout Europe such as The 
Hague and the Academy of Sciences in Paris - proved crucial to the 
discussion and design of modern science and the experimental method. 
Although the Royal Society was a governmentally established body, it acted 
independently as a body dedicated to research and scientific discovery - that 
is to say, to improving knowledge and integrating all kinds of scientific 
research into a coherent system. With such a central artery for scientific 
progress, scientists were able to more quickly and fiercely support and 
promote their new ideas about the world. 


Conclusion 


The defining feature of the scientific revolution lies in how much scientific 
thought changed during a period of only a century, and in how quickly 
differing thoughts of different natural philosophers condensed to form a 
cohesive experimental method that chemists, biologists, and physicists can 
easily utilize today. The modern experimental method incorporates Francis 
Bacon's focus on use of controlled experiments and inductive reasoning, 
Descartes’ focus on hypothesis, logic, and reason, Galileo's emphasis on 
incorporation of established laws from all disciplines (math, astronomy, 
chemistry, biology, physics) in coming to a conclusion through mechanism, 
and Newton’s method of composition, with each successive method 
strengthening the validity of the next. Essentially, the scientific revolution 
occurred in one quick bound and the advances made from the 17th century 
onward appear as little skips in comparison. 


However, one must keep in mind that although the Greeks and the 
philosophers of the 17th century invented and began to perfect the 
experimental method, their outcomes in their experiments were often 
flawed because they didn't follow their own advice. Even philosophers like 
Francis Bacon, the main promoter of fact-gathering and controlled 
experimentation failed at some point in time to control their experiments or 


use peer review, or used too much inference/logic and too little mathematic 
proof/experiment. In short, scientists today must learn from the mistakes of 
the 17th century philosophers like Galileo who wrote so eloquently about 
the necessity of a successful scientific method but didn’t execute it correctly 
or failed to recognize the importance of pursuing scientific progress not 
simply for theoretical excellence, but for how it can improve the human 
condition. 


The lesson to take from the history of the scientific revolution is that the 
ideas of the17th century philosophers have the most impact in the context 
of the progress they made as an academic whole — as singular scientists, 
they became more prone to faulty logic and uncontrolled experimentation. 
For instance, non-scientific reasoning such as teleology continued to affect 
genius philosophers and scientists such as Descartes and Boyle, and today 
scientists are faced with the problem of intelligent design (teleology) being 
taught as the equivalent of peer-reviewed, substantiated evolutionary theory. 
Overall, modern scientists remain just as proneto the same problems as the 
17th century philosophers and therefore might consider looking toward the 
legacy of the successes of the scientific revolution against the backward 
medieval philosophy for guidance. 
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Government-Funded Science: Vannevar Bush and the National Science 
Foundation 


Note:This module was developed as part of a Rice University Class called 
"Nanotechnology: Content and Context" initially funded by the National 
Science Foundation under Grant No. EEC-0407237. It was conceived, 
researched, written and edited by students in the Fall 2005 version of the 
class, and reviewed by participating professors. 


Before the Birth of the National Science Foundation 
Science in Early America 


Prior to the Civil War and the subsequent industrialization of America the 
principal public uses made of science were of an ad hoc nature. Only when 
absolutely necessary were science and policy to intertwine. By the time of 
the Civil War the scientific profession had undergone an obvious 
transformation as science became increasingly specialized. In 1863 the 
National Academy of Sciences was founded by Congress at the insistence 
of scientists both in and out of government. The academy was created as a 
self-perpetuating body of scientists charged with investigating various fields 
of science when called upon to do so by the government. 


The victory of the North further allowed for the “general welfare” and the 
freer hand of the federal government permitted an expansion of permanent 
scientific agencies. The establishment of agricultural institutions and 
consequently other government agencies such as the National Bureau of 
Standards (1901), the Public Health Services (1912), and the National 
Advisory Committee for Aeronautics (1915). Slowly it was becoming 
obvious that science had a wide-ranging impact on government apart form 
any immediate usefulness and that through regulation it frequently provided 
the lead in the growing interrelation of the public and private sectors of the 
economy. The threat of WWI meant that research and development in the 


field of weaponry would be necessary in case of any involvement. A second 
world war would completely change this lack of initiative and interest. 


Science, the Government, and World War II 


World War II marked the beginning of a new era for American science as 
the emergence of “science policy” produced a significant role for science 
and technology in public affairs. Long before WWII scientific inquiry was 
nurtured almost entirely by private patronage and philanthropic efforts and 
it was not until mass consensus was reached that the government found 
itself in the necessity of funding and consequently controlling scientific 
practices and research. With the war experience science had proven itself 
indispensable to the government and a close partnership of some kind 
between the two was soon to emerge. The time had come to think about 
what large-scale scientific research meant for American society and 
democracy. The American research system began to take shape as the 
nation moved from demobilization to reconstruction of the world economy 
to stable prosperity, and from Cold War tensions to the Korean War to 
protracted superpower rivalry. "“One of our hopes is that after the war there 
will be full employment. To reach that goal the full creative and productive 
energies of the American people must be released. To create more jobs we 
must make new and better and cheaper products... These products are 
founded on new principles and new conceptions which in turn result from 
basic scientific capital. Moreover, we cannot any longer depend upon 
Europe as a major source of science capital.”Smith, 70" 


The Potential of Science and the New Frontier 
* All quotes in this section are taken from Bush 


The period immediately after World War II was one of boundless 
enthusiasm for the power of science in the United States. New technologies 
had been essential to success in the war and both the government and public 
were optimistic about science’s potential during peacetime. It was such that 
in November 1944—before the war was officially over—President Franklin 
D. Roosevelt asked the Director of the Office of Scientific Research and 
Development, Vannevar Bush, to write a report on how the rapid scientific 
progress seen during wartime could be continued. Bush exemplified the 


idealistic view of science in his response eight months later—while the fight 
was ongoing in the Pacific. 


The title of the Director’s document, Science: The Endless Frontier, was the 
first clue of the nature of its content. The second was a quote that introduces 
the report, taken from President Roosevelt’s request letter, "New frontiers 
of the mind are before us, and if they are pioneered with the same vision, 
boldness, and drive with which we have waged this war we can create a 
fuller and more fruitful employment and a fuller and more fruitful life.”" 
Bush supported the attitude that science will lead society down this path by 
citing the crucial role it played in World War II. “In this war it has become 
clear beyond all doubt that scientific research is absolutely essential to 
national security.” With the war fresh in the public conscience—indeed, it 
was ongoing—this was an important point. Penicillin prevented “incalculable 
suffering” and saved “countless lives.” Radar was essential in winning the 
“battle of scientific techniques” against Nazi Germany. Still, Bush realized 
science offered enticing potential in peaceful areas as well, for it had given 
rise to a dramatic increase in quality of life. Millions were employed in 
industries created by scientific advancements. Again calling attention to a 
national concern of the time, he referred specifically to progress in 
agriculture. 


Bush’s language in describing these accomplishments was important, for he 
characterized “science” as an abstract entity that was independent of human 
intervention. For example, with respect to the millions of new jobs, he 
wrote, “Science made that possible.” Still, he explicitly stated that this 
entity was not a self-supporting solution—“Science, by itself, provides no 
panacea for individual, social, and economic ills”—but that it is an essential 
part—“without scientific progress no amount of achievement in other 
directions can insure our health, prosperity, and security as a nation in the 
modern world.” In other words, the Director was communicating the view 
that science was not a result of human ingenuity, but an independent entity 
that must be exploited. 


This attitude contributed to Bush’s emphasis on the importance of basic 
research. In order to take advantage of science, one must have “an 
understanding of nature and its laws” (provided by basic research) which 


can then be applied to practical applications. The Director noted that the 
primary goal of industry was the development of new products, not new 
knowledge. The radio was developed because of knowledge in 
electromagnetic radiation, which was discovered by an earlier group with 
unrelated intentions. 


The report had established the premise that science was essential to national 
development, most notably in security and medicine. In addition, basic 
research was necessary for sustained scientific advancement. From this, 
Bush proposed measures to ensure that progress continued and supported 
them by affirming the President’s view that science would lead the nation 
closer to a utopia. In the Director’s own words "“Advances in science when 
put to practical use mean more jobs, higher wages, shorter hours, more 
abundant crops, more leisure for recreation, for study, for learning how to 
live without the deadening drudgery which has been the burden of the 
common man for ages past. Advances in science will also bring higher 
standards of living, will lead to the prevention or cure of diseases, will 
promote conservation of our limited national resources, and will assure 
means of defense against aggression.”" Bush clearly perceived science as a 
key that would solve countless ills. Again, science was a separate entity 
containing all the answers and “the limiting factor is a human one.” His 
argument was that the government must give society all available means to 
pursue scientific research and unlock the endless potential available. Bush 
wrote that basic research especially needed continuous federal support 
because it was not economically profitable by itself. Only then could 
technological advances be sustained. 


General Recommendations Regarding Science Policy* 


In his letter, Science: The Endless Frontier, Vannevar Bush applauded the 
government’s support of directly useful, applied research. However, he also 
memorably stated that “we have been living off our fat” with respect to 
research, maintaining that immediately applicable studies were not enough, 
and that the nation needed to redefine its public pursuit of scientific 
knowledge with an emphasis on continued basic research. In addition to 
increased public funding for such research, Bush called for the raising of 


standards for recruitment of scientific personnel, as it was not, to his view, 
competing adequately with industry for scientific expertise. 


Clarification of Tax and Patent Laws 


Industrial research was negatively affected by ambiguity of income tax laws 
with regard to deductions for research expenses; it was therefore suggested 
that the legislation be clarified to make clear the advantages of research and 
development for industry. Bush also pointed out the opacity of patent law, 
and its similarly detrimental effect on industrial research. 


Science Advisory Board 


Bush recognized the existing governmental scientific bureaus and 
departments as basically fixed, but he emphasized a need for an impartial 
liaison between the legislative and executive branches and these 
departments. In his letter, this idea took the form of a “Science Advisory 
Board” “composed of disinterested scientists who have no connection with 
the affairs of any Government agency.” 


Scholarships and a National Science Reserve 


In the post-World War II era, most of a generation of student-aged men had 
been taken from their studies or work to serve in the military. This created a 
gap in the pure science personnel of the country, in addition to a steep 
dropout rate in higher education. Bush noted that college training was 
limited to the higher socio-economic classes, but talent was not. He 
advocated national and state-funded scholarships and fellowships for 
science study, and further suggested that in return, these people should 
answer the government’s call in times of need as part of a National Science 
Reserve. 


Bush’s Vision of the National Science Foundation* 
Basic Ideas 


Bush strongly advocated the formation of a unified agency for the funding 
and coordination of basic research; in his letter, he described science as 


“fundamentally a unitary thing,” one whose advancement is hampered by 
compartmentalization. The various scientific disciplines are interdependent, 
and so Bush wished to keep their regulatory separation to a minimum. The 
entire conception of the functioning of the National Science Foundation 
centered around what he called the “five fundamentals:” 


1. Stability of funds dispersed over long periods of time. Unlike applied 
research and development, basic research has little surety of when (or 
if) it will produce useful and/or marketable results. Funding must be 
consistent despite this uncertainty in order for basic research to have a 
chance at uncovering important knowledge. 

2. The administration of funding by “citizens selected only on the basis 
of their interest in and capacity to promote the work of the agency.” 

3. Assistance of research by funding projects outside the Federal 
Government; the agency “should not operate any laboratories of its 
own.” This provision promotes freedom of researchers, and seeks to 
avoid bias of funding toward labs and projects in which the agency 
itself has direct interest. 

4. Private colleges, universities, and other institutions receiving funding 
should be given free reign for “internal control of policy, personnel, 
and the method and scope of the research.” 

5. Responsibility to the President and Congress. Standard government 
procedures of auditing, budgeting, etc. are to be applied to the agency, 
with leeway for any necessary adjustment due to the special nature of 
research as opposed to other federally-funded activities. 


In addition to funding research, the National Science Foundation (or, as 
Bush termed it in Science: The Endless Frontier, the National Research 
Foundation), was to promote science education, furnishing scholarships 
mentioned in the section above. Bush also saw a need for international 
sharing of scientific research, and intended for the NSF to oversee and 
facilitate this. 


Administrative Structure and Organization 


Fulfilling the second of the “five fundamentals” listed above, the NSF was 
to be headed by nine Members not affiliated with the government in any 
way save through the NSF, and these Members would elect a chairman on a 


yearly basis. The Members would also appoint a salaried director for the 
“fiscal, legal, and administrative functions of the Foundation.” Bush 
initially suggested five Divisions for the NSF that would make 
recommendations of policy and funding in their particular zones of 
research, and would be responsible for review of the research quality in the 
particular division: 


e Division of Medical Research 

e Division of Natural Sciences 

e Division of Scientific Personnel and Education (dealing with the 
dispersal of grants and scholarships) 

e Division of Publications and Scientific Collaboration (“encouraging 
the publication of scientific knowledge and promoting international 
exchange of scientific information”) 

e Division of National Defense — This division is distinct from various 
military projects in applied research such as weapon development; it is 
intended to be composed of civilian scientists only. Bush saw a need 
for sustained, long-range research pertaining to defense above and 
beyond immediate, wartime concerns, and felt that civilian researchers 
were best equipped to carry this out. 


Each division would, under this system, have its own set of Members 
answerable to the Members of the Foundation. The Foundation Members 
would hold the regulatory power of the Foundation, making rules of policy, 
managing the flow of funding, working with other government bureaus and 
agencies if necessary, and assisting the flow of scientific information on the 
international stage. 


The ultimate emphasis in this idea of a National Science Foundation is 
placed on creating an environment of intellectual freedom for private 
researchers to the greatest extent possible, because Bush believed this was 
the key to productivity and advances in science. Cutting the financial 
strings of industry from the limbs of scientists in this way was to free them 
to make the oft-unexpected advances in basic science that may come to 
revolutionize the world. 


Realization of the National Science Foundation 


In the case of the National Science Foundation, which was to implement the 
recommendations for basic research support made in the Bush and 
Steelman Reports, controversy raged over the relation of the proposed 
agency to the presidency. Should it be headed by an independent group of 
scientist-commissioners or by an administrator appointed by the President? 
Five years later the NSF finally emerged in 1950 with a presidentially 
appointed director and a board of part-time scientists with veto-power over 
awarding of research grants.Smith, 6 By the early 1960s Congress had 
taken the full plunge into science policy rewriting the NSF’s charter, 
creating new NIH institutes, and unsuccessfully attempting to establish a 
central Department of Science. 


Currently operating with an annual budget of about $5.5 billion, the NSF is 
the major funding source for approximately 20 percent of all federally 
supported basic research conducted by America's colleges and universities. 
In many fields such as mathematics, computer science and the social 
sciences, NSF is the major source of federal funding. 


NSF leadership has evolved to be comprised of two major components: a 
director who oversees NSF staff and management responsible for program 
creation and administration, merit review, planning, budget and day-to-day 
operations; and a 24~-member National Science Board (NSB) of eminent 
individuals that meets six times a year to establish the overall policies of the 
foundation. The director and all Board members serve six year terms. They 
are all, including the NSF deputy director, appointed by the President of the 
United States and confirmed by the U.S. Senate. Presently the NSF has a 
total workforce of about 1,700 at its headquarters in Arlington, VA. This 
includes approximately 1200 career employees, 150 scientists from research 
institutions on temporarily employed, and approximately 200 contract 
workers. "“NSF operates from the "bottom up," keeping close track of 
research around the United States and the world, maintaining constant 
contact with the research community to identify ever-moving horizons of 
inquiry, monitoring which areas are most likely to result in spectacular 
progress and choosing the most promising people to conduct the 

research.” National Science Foundation" 


The Early History of Nanotechnology 


Note:"This module was developed as part of a Rice University Class called 
"Nanotechnology: Content and Context" initially funded by the National 
Science Foundation under Grant No. EEC-0407237. It was conceived, 
researched, written and edited by students in the Fall 2005 version of the 
class, and reviewed by participating professors." 


Introduction 


Nanotechnology is an essentially modern scientific field that is constantly 
evolving as commercial and academic interest continues to increase and as 
new research is presented to the scientific community. The field’s simplest 
roots can be traced, albeit arguably, to 1959 but its primary development 
occurred in both the eighties and the early nineties. In addition to specific 
scientific achievements such as the invention of the STM, this early history 
is most importantly reflected in the initial vision of molecular 
manufacturing as it is outlined in three important works. Overall, an 
understanding of development and the criticism of this vision is integral for 
comprehending the realities and potential of nanotechnology today. 


Richard Feynman: There's Plenty of Room at theBottom, 1959 


Richard Feynman, 
From Wikipedia 


"But I am not afraid to consider the final question as to whether, ultimately- 
--in the great future---we can arrange the atoms the way we want; the very 
atoms, all the way down!" -Richard Feynman, There's Plenty of Room at the 
Bottom 


The first time the idea of nanotechnology was introduced was in 1959, 
when Richard Feynman, a physicist at Caltech, gave a talk called "There's 
Plenty of Room at the Bottom." Though he never explicitly mentioned 
"nanotechnology," Feynman suggested that it will eventually be possible to 
precisely manipulate atoms and molecules. Moreover, in an even more 
radical proposition, he thought that, in principle, it was possible to create 
"nano-scale" machines, through a cascade of billions of factories. 
According to the physicist, these factories would be progressively smaller 
scaled versions of machine hands and tools. He proposed that these tiny 
"machine shops" would then eventually be able to create billions of tinier 
factories.[1] In these speculations, he also suggested that there are various 
factors, which uniquely affect the nano-scale level. Specifically, he 
suggested that as the scale got smaller and smaller, gravity would become 
more negligible, while both Van Der Waals attraction and surface tension 


would become very important. In the end, Feynman's talk has been viewed 
as the first academic talk that dealt with a main tenet of nanotechnology, the 
direct manipulation of individual atoms (molecular manufacturing).[2] 


"The revolutionary Feynman vision launched the global nanotechnology 
race."-Eric Drexler 


Hence, long before STMs and atomic force microscopes were invented 
Feynman proposed these revolutionary ideas to his peers. As demonstrated 
in his quote (above), he chose to deal with a "final question" that wasn't 
fully realized till the eighties and nineties. Ultimately then, it was during 
these two decades, when the term "nanotechnology" was coined and 
researchers, starting with Eric Drexler, built up this field from the 
foundation that Feynman constructed in 1959. However, some such as Chris 
Toumey minimize the importance of Feynman in the establishment of the 
intellectual groundwork for nanotechnology.[3] Instead, using evidence 
from its citation history, Toumey sees "There's Plenty of Room at the 
Bottom" as a "founding myth" that served only to directly influence Drexler 
rather than the other important scientists, who affected the future 
development of nanotechnology. Nevertheless, though the ultimate effect of 
Feynman's talk is debatable, it is certain that this work directly influenced 
Drexler's own research, which thus indirectly influenced nanotechnology as 
a whole. 


Eric Drexler: "Molecular Manufacturing," 1981 


Eric Drexler, from drexler's [link ]}website 


In 1979, Eric Drexler encountered Feynman's talk on atomic manipulation 
and "nano-factories." The Caltech physicist's ideas inspired Drexler to put 
these concepts into motion by expanding Feynman's vision of molecular 
manufacturing with contemporary developments in understanding protein 
function. From this moment, Drexler's primary goal was to build upon the 
physicist's revolutionary foundation. As a result, though the term was yet to 
be coined, the field of nanotechnology was created.[4] 
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Figure 3-Foresight 
Institute, 
<http://foresight.org 
> 


In 1981, Drexler published his first article on the subject in the prestigious 
scientific journal, Proceedings of the National Academy of Sciences. Titled 
"Molecular engineering: An approach to the development of general 
capabilities for molecular manipulation," Drexler's publication essentially 
expanded the idea of molecular manufacturing by integrating modern 
scientific ideas with Feynman's concepts.[5] Hence, he established his own 
vision of molecular manufacturing in this paper. Specifically, in his abstract, 
he discusses the possibility of molecular manufacturing as a process of 
fabricating objects with specific atomic specifications using designed 
protein molecules. He suggests that this would inevitably lead to the design 
of molecular machinery that would be able to position reactive groups with 
atomic precision.[6] Thus, Drexler states that molecular manufacturing and 
the construction of "nano-machines" is a product of an analogous 
relationship "between features of natural macromolecules and components 
of existing machines."[7] In addition, Drexler includes a table that outlines 


by function the molecular equivalents to macroscopic technologies. For 
example, he believed that bearings, which provide support for moving parts, 
are analogous to Sigma bonds. Overall, generating some interest in the 
scientific community, this publication presented Drexler's initial vision of 
molecular manufacturing, which was ultimately influenced by Feynman's 
talk. As a result, the field of nanotechnology continued to evolve, for 
Drexler took these concepts and expanded their potential in an accessible 
format through his now infamous book, Engines of Creation: The Coming 
Era of Nanotechnology. 


Eric Drexler: Engines of Creation, 1986 


Copyright 1997 IMM. All rights reserved. 


Institute for Molecular Manufacturing, 
<http://www.imm.org/> 


"Molecular Assemblers will bring a revolution without parallel since the 
development of ribosomes, the primitive assemblers in the cell. The 
resulting nanotechnology can help life spread beyond Earth - a step without 
parallel since life spread beyond the seas; it can let our minds renew and 
remake our bodies - a step without any parallel at all."-Eric Drexler Engines 
of Creation 


In this book, Drexler is credited as being the first person to use the word 
nanotechnology to describe engineering on the billionth of a meter scale. 
Though the term was used by Norio Taniguchi in 1974, Taniguchi's use of 
the word referred to nanotechnology in a different context.[8] Published in 
1986, Engines of Creation served to present Drexler's vision of molecular 
manufacturing that he outlined in his 1981 paper. Essentially, Drexler 
presented, albeit simplistically, that if atoms are viewed as small marbles, 
then molecules are a tight collection of these marbles that "snap" together, 
depending on their chemical properties. When snapped together in the right 
way, these molecules could represent normal-scaled tools such as motors 
and gears. Drexler suggested that these "atomic" tools and machines would 
operate just as their larger counterparts do. The moving parts of the nano- 
machine (see Figure 4, Drexler's "differential gear") would be formed by 
many atoms that are held together by their own atomic bonds. Ultimately, in 
Engines of Creation, Drexler envisioned that these would then be used as 
"assemblers" that could put together atoms into a desired shape.[9] 
Applying this simplistic vision of molecular manufacturing, Drexler, in 
theory, presented that coal can be turned into diamond and computer chips 
can be created from sand. These processes would occur by using these 
fabricated atomic tools to reorganize the atoms that make up these 
materials. Most importantly, from these principles, he sensationally 
proclaimed in his book that nanotechnology, through the molecular 
manufacturing of "universal assemblers," would revolutionize everything 
from biological science to space travel (see quote above). Thus, with both 
his 1981 publication and his 1986 book, Drexler presented nanotechnology 
as a scientific field that solely revolved around his own expanded vision of 
Feynman's molecular manufacturing.[10] 


ONLY YOU 


CAN PREVENT GRAY GOO 


NEVER RELEASE NANOBOT ASSEMBLERS 
WITHOUT REPLICATION LIMITING CODE 


From Howard Lovy's Nanobot blog: 
http://nanobot.blogspot.com/ 


In addition, Engines of Creation also cautions about the possible dangers 
that accompany this kind of technology. Primarily, Drexler warns of the 
"gray goo," an amalgamation of self-replicating nanobots that would 
consume everything in the universe in order to survive (see Figure 5). 


This book was highly influential as it brought nanotechnology to the 
mainstream scientific community for the first time. Though his theories of 
"sray goo" and molecular manufacturing were later criticized, there is no 
question that Drexler's work had a profound impact on the establishment of 
nanotechnology as a scientific field. 


The Aftermath of Engines of Creation: Impact and Criticism 


Directly after the publication of this book, Drexler founded the Foresight 
Institute, whose stated goal is to "ensure the beneficial implementation of 
nanotechnology."[11] Drexler used this "institute" as a way to present his 
vision of molecular manufacturing that he vividly illustrated in Engines of 
Creation. Thus, this "institute" was used to further propagate research, 


through his influential yet highly controversial depiction of nanotechnology 
and its future. 


Richard Smalley 


As a result, due to the publicity generated by both Drexler's work and 
institute, scientists from all over the world began to have a vested interest in 
the field of nanotechnology. Dr. Richard Smalley (Figure 6), for example, 
specifically said that he was a "fan of Eric" and that Engines of Creation 
influenced him to pursue nanotechnology. Moreover, he even gave 
Drexler's book to the top decision-makers at Rice University. Though 


criticizing Drexler and his work in future years, Smalley, like other 
scientists, were intrigued by this book and proceeded to do research in this 
new and evolving field.[12] 


Drexler's vision of molecular manufacturing and assemblers has become, on 
one hand, a scientific goal, through the Foresight Institute, and, on the 
other, a controversial issue. Some scientists have criticized Drexler's visions 
as impossible and harmful. Richard Smalley has led this movement against 
Drexler's almost sensationalist vision of molecular manufacturing. In their 
open debate in 2003, Smalley writes almost scathingly, "you cannot make 
precise chemistry occur as desired between two molecular objects with 
simple mechanical motion along a few degrees of freedom in the assembler- 
fixed frame of reference."[13] Furthermore, he also chastises Drexler for his 
"gray goo scenario" saying, "you and the people around you have scared 
our children---while our future in the real world will be challenging and 
there are real risks, there will be no such monster as the self-replicating 
mechanical nanobot of your dreams."[14] In contrast to Drexler's radical 
vision, Smalley realistically argued that nanotechnology could be used on a 
much more practical and attainable level. As a result, due to the onset of 
academic criticism from scientists such as Richard Smalley, 
nanotechnology evolved from Drexler's vision of molecular manufacturing 
to a broad field that encompassed both practical manufacturing and non- 
manufacturing activities. Chemistry, materials science, and molecular 
engineering were now all included in this science. 


Important Successes in Nanotechnology 


In addition to the criticism of Drexler's vision of molecular manufacturing, 
three important developments that were independent of Drexler's paper 

helped turn nanotechnology into this broad field, today. First, the Scanning 
Tunneling Microscope (STM) was invented by Binnig and Rohrer in 1981. 


1981-Invention of STM, Image From Steven Sibener, 
<http://sibener-group.uchicago.edu/facilities.html> 


With this technology, individual atoms could be clearly identified for the 
first time. Despite its limitations (only conducting materials), this 
breakthrough was essential for the development of the field of 
nanotechnology because what had been previously concepts were now 
within view and testable. Some of these limitations in microscopy were 
eliminated through the 1986 invention of the Atomic Force Microscope. 


1986-Invention of AFM, image from Mike 
Tiner, 
<http://www.cnm.utexas.edu/AFM.HTM> 


Using contact to create an image, this microscope could image non- 
conducting materials such as organic molecules. This invention was integral 
for the study of carbon buckyballs, discovered at Rice in 1985-6.[15] 


1985-Buckyball discovered at Rice University by Smalley et al. 
Image from Stephen Bond, 
<http://femto.cs.uiuc.edu/~sbond/reports/c60c60qm1/buckyball.jpg 
> 


Ultimately, with these two achievements, nanotechnology could develop 
through the scientific method rather than through the conceptual and thus 
untestable visions of Drexler. 


This overall trend created by advancements in microscopy is illustrated 
through Don Eigler's revolutionary "stunt" at IBM. Here, he manipulated 
individual Xenon atoms on a Nickel surface to form the letters "IBM." 


1989-First atomic manipulation at IBM by Don Eigler. Figure 10- 
Almaden Research Center, 
<http://www.almaden.ibm.com/vis/stm/atomo.html> 


With the microscopy technology that was invented in the early to mid 
eighties, Eigler and his research team advanced the field of nanotechnology 
by seeking to simply manipulate atoms. Thus, while Drexler was 
conceiving sensationalized possibilities of "universal assemblers," Eigler 
focused his nanotech research on the realistic and attainable level that 
Smalley presented in his argument with Drexler. From this "stunt," 
nanotech research followed Eigler's path and therefore strayed away from 
Drexler's original vision. Because nanotechnology was viewed at this level, 
the field soon encompassed both practical manufacturing and non- 
manufacturing activities as Drexler's ideas were put aside. 


Conclusion 


While nanotechnology came into existence through Feynman's and then 
Drexler's vision of molecular manufacturing, the field has evolved in the 
21st century to largely include research in chemistry and materials science 
as well as molecular engineering. As evidenced by Smalley's debate, this 
evolution is partly a response to the criticism of Drexler's views in both 
Engines of Creation and the Foresight Institute. Thus, in regards to the 
development of nanotechnology in the present, Drexler's vision can be 
viewed as an indirect influence through the sheer interest and subsequent 
criticism that he created in the field. As Toumey argues, Drexler and 
therefore Feynman did not have a direct role in the three most important 
breakthroughs in nanotechnology, the invention of the STM, the invention 
of the AFM, and the first manipulation of atoms [16]. Instead, Drexler, 
through Molecular Manufacturing and Engines of Creation, brought 
scientists from all over the world to the brand new field. Consequently, 
criticism for Drexler's vision was established by researchers such as Dr. 
Smalley. Through this reevaluation and the parallel breakthroughs in 
microscope technology, nanotechnology as a scientific field was established 
in a way that diverged from Drexler's original vision of molecular 
manufacturing. This divergence is illustrated through the contrasting goals 
of the government's National Nanotechnology Initiative (see "Important 
Links") and Drexler's Foresight Institute. As a result, a thorough grasp of 
this early history is integral to understanding the development and 
definition of both the realities and potential of nanotechnology, today. 
Whereas Drexler created interest in the field but also sensationally outlined 
a nanotech revolution, researchers around the world have brought the 
nanotechnology that Drexler first envisioned to a more realistic and 
attainable level. All in all, today, the goal for nanotech research is not to 
immediately create billions of assemblers that will revolutionize our world 
but rather to explore the manufacturing and non-manufacturing aspects of 
nanotechnology, through a combination of chemistry, materials science, and 
molecular engineering.17Though places such as Drexler's Foresight 
Institute remain, academic institutions such as Rice University stay away 
from Drexler's sensationalized vision of nanotechnology as molecular 
manufacturing. This divergence is epitomized by the contrasting goals of 


the U.S government's National Nanotechnology Initiative and the Foresight 
Institute. 


Discussion Questions 


1. What is your take on Toumey's argument against the influence of 
Feynman's vision? Do you believe that he has it right or do you think 
that Feynman had a more direct influence on future discoveries? Is his 
evidence enough? 


1. In his 2004 paper in the Institute of Physics journal Nanotechnology, 
Drexler slay the grey goo myth he created in Engines of Creation. Is 
this indicative of a general trend of errors in Drexler's sensationalized 
vision of molecular manufacturing? Or is this an honest miscalculation 
in an otherwise plausible theory? 
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Beyond Optical Microscopy 


Note:"This module was developed as part of a Rice University Class called 
"Nanotechnology: Content and Context" initially funded by the National 
Science Foundation under Grant No. EEC-0407237. It was conceived, 
researched, written and edited by students in the Fall 2005 version of the 
class, and reviewed by participating professors." 


Dell Butcher Hall, home of the SEA fish tank, where 
the SEM, AFM, and STM reside. 


Introduction 


Light microscopes are used in a number of areas such as medicine, science, 
and engineering. However, light microscopes cannot give us the high 
magnifications needed to see the tiniest objects like atoms. As the study of 
both microstructures and macrostructures of materials have come to the 
forefront of materials research and development new methods and 
equipment have been developed. Both the usage of electrons and atomic 
force rather than light permits advanced degrees of observations than would 
allow an optical microscope. As the interest in new materials in general and 
nanomaterials in particular is growing alternatives to optical microscopy are 
proving fundamental to the advancement of nanoscale science and 
technology. 


Scanning Electron Microscope 
SEM: A Brief History 


The scanning electron microscope is an incredible tool for seeing the 
unseen worlds of microspace. The scanning electron microscope reveals 
new levels of detail and complexity in the world of micro-organisms and 
miniature structures. While conventional light microscopes use a series of 
glass lenses to bend light waves and create a magnified image, the scanning 
electron microscope creates magnified images by using electrons instead of 
light waves. 


One of the first SEMs 


The earliest known work describing the conceptualization of the scanning 
electron microscope was in 1935 by M. Knoll who, along with other 
pioneers in the field of electron optics, was working in Germany. Although 
it was Manfred von Ardenne who laid the foundations of both transmission 
and surface scanning electron microscopy just before World War II, it is 
Charles Oatley who is recognized as the great innovator of scanning 
electron microscopy. Oatley’s involvement with the SEM began 
immediately after World War IT when, his recent wartime experience in the 
development of radar, allowed him to develop new techniques that could be 
brought to overcome some of the fundamental problems encountered by 
von Ardenne in his pre-war research. 


Von Ardenne (1938) constructed a scanning transmission electron 
microscope (STEM) by adding scan coils to a transmission electron 
microscope. [1] In the late 1940s Oatley, then a lecturer in the Engineering 
Department of Cambridge University, England, showed interest in 
conducting research in the field of electron optics and decided to re- 
investigate the SEM as an accompaniment to the work being done on the 


TEM (by V. E. Cosslett, also being developed in Cambridge at the Physics 
Department). One of Oatley's students, Ken Sander, began working on a 
column for a transmission electron microscope using electrostatic lenses, 
but after a long period of illness was forced to suspend his research. His 
work then was taken up by Dennis McMullan in 1948, when he and Oatley 
built their first SEM by 1951. By 1952 this instrument had achieved a 
resolution of 50 nm. 


How the SEM works 


In the SEM, electromagnets are used to bend an electron beam which is 
then utilized to produce the image on a screen. The beam of electrons is 
produced at the top of the microscope by heating a metallic filament. The 
electron beam follows a vertical path through the column of the 

microscope. It makes its way through electromagnetic lenses which focus 
and direct the beam down towards the sample. Once it hits the sample, other 
electrons are ejected from the sample. Detectors collect the secondary or 
backscattered electrons, and convert them to a signal that is sent to a 
viewing screen similar to the one in an ordinary television, producing an 
image. 


JEOL 5300 Scanning Electron Microscope, Rice 
University Mechanical Engineering Building 


By using electromagnets an observer can have more control over how much 
magnification he/she obtains. The SEM has a large depth of field, which 
allows a large amount of the sample to be in focus at one time. The electron 
beam also provides greater clarity in the image produced. The SEM allows 
a greater depth of focus than the optical microscope. For this reason the 
SEM can produce an image that is a good representation of the three- 
dimensional sample. 


The SEM also produces images of high resolution, which means that 
closely spaced features can be examined at a high magnification. 
Preparation of the samples is relatively easy since most SEMs only require 
the sample to be conductive. The combination of higher magnification, 
larger depth of focus, greater resolution, and ease of sample observation 
makes the SEM one of the most heavily used instruments in research areas 
today. 


SEM Usage 
The SEM is designed for direct studying of: 


¢ Topography: study of the surfaces of solid objects 

¢ Morphology: study of shape and size 

e Brief history of each microscope 

e Composition: analysis of elements and compounds 

¢ Crystallographic information: how atoms are arranged in a sample 


SEM has become one of the most widely utilized instruments for material 
characterization. Given the overwhelming importance and widespread use 
of the SEM, it has become a fundamental instrument in universities and 
colleges with materials-oriented programs. [2] Institutions of higher 
learning and research have been forced to take extremely precautious 
measures with their equipment as it is expensive and maintenance is also 
costly. 


Rice University, for example, has created what is called the Rice Shared 
Equipment Authority (SEA) to organize schedules, conduct training 
sessions, collect usage fees and maintain the usage of its high tech 
microscopic equipment. The following chart indicates prices, location, and 
necessary training for three of the most popular instruments under SEA 
jurisdiction: 


SEM 6500 SEM 5300 OFM 
The JEOL 6500F is 3 high The JEOL 5300 is a simple Atomic force microscopy 
resolution (1.5 mm )thermal field | medium resalution (5 nm) measures the topographic 
emission electron microscope | tungstenfilamert electron features of a surface under 
capable of imaging atvoltages | microscope. tis useful for ambiert condtiore, or in some 


from 200 Vto 30 kV. Eis also gereral secondary electron cases the features of materials 
equipped with a back-scattered | imaging on proper y prepared immersed in liquids; typical 
electron detector for samples. resolution with these 
compositional and instruments is 10's of 
topographical imaging. The ranometers lateral (xy) and .3 
6500F has a high speed ranometers im z. 

electrostatic beam blanker and 
is configured for electron beam 
lithography viathe Nabity 
NPGS system. Lithography 
resolution is approximately 20 
nm 


$2541 for academic use $10hour academic use $7 SO/hour academic use, 

$125+hr for external users $125/hour exterral use 50-hour +tip cost exterral 
Sputter coating available use. 

Dell Butcher Hall, 1604 Mechanical Engreering Dell Butcher Hall, 1604 

Training consists of 2-3,2 hour | To begintraining, cortact a Training for this instrument 

sessions spread out over 3 super-user or facutyin charge. | usually consists of 2 or 3 two- 


weeks. hour sessions at $15 00/hour. 


Chart comparing costs, location, and training for three 
instruments 


Advantages and Disadvantages 


Among the advantages is the most obvious, better resolution and depth of 
field than light microscopes. The SEM also provides compositional 
information for small areas, is relatively easy to use (after training), and the 
coatings make it semi non-destructive to beam damage. Its disadvantages, 


however, are all related to the specimen being examined. There are 
occasions when vacuum compatibility does not allow clear visibility. 
Specimen preparation can also cause contamination by introducing 
unwanted artifacts. Lastly, specimen must also be conductive for maximum 
visibility. 

Questions for Review 


e What makes the SEM such a useful instrument? What can it do that a 
normal optical microscope cannot? 

e Explain the usage of the electron beam in the SEM. 

e What is meant by “images of high resolution"? 


Scanning Tunneling Microscopes 
A Brief Historical Note 


The scanning tunneling microscope (STM) had its birth in 1981, invented 
by Gerd Binnig and Heinrich Rohrer of IBM, in Zurich, Germany. They 
won the 1986 Nobel Prize in physics for this accomplishment, but use of 
the microscope itself was somewhat slow to spread into the academic 
world. STM is used to scan surfaces at the atomic level, producing a map of 
electron densities; the surface science community was somewhat skeptical 
and resistant of such a pertinent tool coming from an outside, industrial 
source. There were questions as to the interpretations of the early images 
(how are we really sure those are the individual silicon atoms?), as well as 
the difficulty of interpreting them in the first place — the original STMs did 
not include computers to integrate the data. The older electron microscopes 
were generally easier to use, and more reliable; hence they retained 
preference over STMs for several years after the STM development. STM 
gained publicity slowly, through accomplishments such as IBM’s famous 
xenon atom arrangement feat (see fig. 3) in 1990, and the determination of 
the structure of “crystalline” silicon. 
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false-color STM image of xenon atoms arranged on a 
nickel background. From: D.M. Eigler, E.K. 
Schweizer. Positioning single atoms with a scanning 
tunneling microscope. Nature 344, 524-526 (1990). 


How STMs Work: The Basic Ideas 


e I. The Probe Scanning Tunneling Microscopy relies on a tiny probe of 
tungsten, platinum-iridium, or another conductive material to collect 
the data. The probe slowly “scans” across a surface, yielding an 
electron-density map of the nanoscale features of the surface. To 
achieve this resolution, the probe must be a wire with a protruding 
peak of a single atom; the sharper the peak, the better the resolution. A 
voltage difference between the tip and the sample results in an electron 
“tunneling” current when the tip comes close enough (within around 
10 A). This “tunneling” is a phenomenon explained by the quantum 
mechanical properties of particles; the current is either held constant 
and probe height recorded, or the probe’s height is maintained and the 
change in current is measured to produce the scanning data. In 
constant current microscopy, the probe height must be constantly 
adjusted, which makes for relatively slow scanning, but allows fairly 
irregular surfaces to be examined. By contrast, constant height mode 
allows for faster scanning, but will only be effective for relatively 
smooth sample surfaces. 


e IJ. Piezoelectric Scanner In order to make the sub-nanometer vertical 
adjustments required for STM, piezoelectric ceramics are used in the 
scanning platform on which the sample is held. Piezoelectric materials 
undergo infinitesimally small mechanical changes under an applied 
voltage; therefore in the positioning device of a STM, they provide the 
motion to change the tip height at small enough increments that 
collision with the sample surface can be avoided. A data feedback loop 
is maintained between probe and piezoelectric positioner, so that the 
tip’s height can be adjusted as necessary in constant-current mode, and 
can be brought close enough to the sample to begin scanning in the 
first place. 

e II. The Computer Though the earliest STMs did not include a 
computer with the scanning apparatus, current models have one 
attached to filter and integrate the data as it is received, as well as to 
monitor and control the actual scanning process. Grayscale primary 
images can be colored to give contrast to different types of atoms in 
the sample; most published STM images have been enhanced in this 
way. 


The very high degree of focus of a STM allows it to be used as a 
spectroscopic tool as well as a larger scale image producer. Properties of a 
single point on a sample surface can be analyzed through focused 
examination of the electronic structure. 


Complications and Caveats 


The integral use of the tunneling current in STM requires that both the 
probe and the sample be conductive, so the electrons can move between 
them. Non-conductive samples, therefore, must be coated in a metal, which 
obscures details as well as masks the actual properties of the sample. 
Furthermore, like with the SEM, oxidation and other contamination of the 
sample surface can be a problem, depending on the material(s) being 
studied. To avoid this, STM work is often carried out in an ultra-high 
vacuum (UHV) environment rather than in air. Some samples, however, are 
fairly well-suited to study in ambient conditions; one can strip away 
successive levels of a layered sample material in order to “clean” the 
surface as the study is being conducted. 


Another seemingly simple problem involved in STM is control of vibration. 
Since the distances between probe and sample are so minute, the tiniest 
shake can result in data errors or cause the tip to collide with the surface, 
damaging the sample and possibly ruining the tip of the probe. A variety of 
systems have been implemented to control vibration, often involving frames 
with springs, or a sling in which the microscope is hung. 


STM is plagued by artifacts, systematic errors in the observed data due to 
the mechanistic details of the microscope. For example, repetition of a 
particular shape in the same orientation throughout the image may be a case 
of tip artifacts, where a feature on the sample was sharper than the tip itself, 
resulting in the tip’s shape being recorded rather than that of the sample 
feature. Lack of optimization of the microscope’s feedback loop can 
produce large amounts of noise in the data, or, alternatively, cause a surface 
to be much smoother than it is. Finally, while sophisticated image 
processing software lends much-needed clarity to STM data, it can be 
misused such that meaning is created where there is none. Image filters 
used must be carefully evaluated against more “raw” image data to affirm 
their utility. 


Counterbalancing the technique’s obvious usefulness is the general 
difficulty of STM as a process. Whereas a scanning electron microscope 
can be operated successfully by a researcher with minimum skills as a 
technician, STMs are notoriously finicky and require expertise, time, and 
patience to produce a decent image. They are therefore not particularly 
popular research tools, though improvements in design and artifact control 
have been and are being made, making STM increasingly more practical. 
Questions for Review 


e In what types of situations would constant current microscopy be 
preferred over constant height? And vice-versa? 

e What are potential problems of the large amount of data filtering and 
processing involved in STM? 

e What errors are likely to be present in data from a particularly jagged, 
sharp-featured sample, and why? 


Atomic Force Microscope 


Another New Microscope 


The requirement to have a conducting sample limited the usefulness of the 
STM. Gerd Binnig, Christoph Gerber, and Calvin Quate solved this 
problem with the invention of the Atomic Force Microscope (AFM) in 
1986. [3] As suggested by its name, the AFM uses atomic forces—not the 
flow of electrons—to scan a sample, so it can be inductive as well as 
conductive. Still, the set up of the two microscopes is similar (see Figure 6). 
The AFM has a sharp tip a few micrometers long and usually a diameter 
less than 100 A. It is attached to the end of a flexible tube 100-200 pm in 
length called a cantilever. The tip is brought close enough to the sample to 
feel forces that contribute to atomic bonds, called van der Waals forces. 
These are due to the attraction and repulsion of positively-charged protons 
and negatively-charged electrons. As electrons zip around an atom, they 
create temporary regions of positive and negative charges, which attract 
oppositely-charged regions on other atoms. If the atoms get too close, 
though, the repulsive force of the electrons overshadows this weaker 
attraction. In terms of the AFM, the temporary positive and negative 
charges attract the atoms in the tip and sample when they are far apart 
(several angstroms), but if they come too close (1-2 A, less than the length 
of an atomic bond), the electrons on the tip and sample repel each other. 
This feature led to the development of two types of AFM: contact and non- 
contact. 
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General schematic of AFM or STM, 
http://web.mit.edu/cortiz/www/AFMGallery/PracticalGuide.pdf 


Digital Instrument Nanoscope, Rice University 
Dell Butcher Hall (Fish Tank) 


The Contact AFM 


A contact AFM is so called because the tip and the sample are closer to 
each other than atoms of the same molecule are. (It is difficult to define 
“contact” at the molecular level; bonds form when electrons from different 
atoms overlap. There is no rubbing together of atoms as we think of it at the 
macrolevel.) Since the cantilever is flexible, it is sensitive to the mutually 
repulsive force exerted between the tip and sample. This force varies with 
the topography of the latter-bumps bring the sample closer to the tip, 
increasing the force between them, while dips decrease the force. The 
variance in force is measured in two ways. In “constant-height” mode, the 
cantilever moves across the sample at a constant height, subjecting the tip to 
stronger and weaker forces, which cause the cantilever end to bend. This 
movement is measured by a laser beam that bounces off the reflective 
cantilever and onto a detector. In “constant-force” mode, the height of the 
cantilever is adjusted to keep the force between the tip and sample constant. 


Thus, the bend in the tip stays the same and the height adjustment is 
measured instead. 


The Non-Contact AFM 


As suggested by its name, the tip and sample are farther apart in a non- 
contact AFM. The cantilever vibrates so that the tip is tens to hundreds of 
angstroms from the sample, greater than the distance of a typical atomic 
bond, meaning that the force between them is attractive (compare to the 1-2 
A distance of the contact AFM). As the tip vibrates, it is pulled by this 
force, affecting its vibration frequency. A bump in the sample will cause a 
greater attractive force than a dip, so the topography is analyzed by 
recording the vibration frequency. 


Comparing the Two 


Contact and non-contact AFMs generate similar pictures of a sample, which 
can be roughly interpreted as a topographical map (though other factors 
affect the force readings, such as local deviations in the electron density of 
the sample). However, each has its advantages and disadvantages that better 
suit it for certain sample types. In non-contact, the sample and tip remain 
far enough apart that the force between them is low and does not 
significantly affect the sample itself. This makes changes in topography 
more difficult to detect, but it also preserves the sample, which is especially 
important if it is soft and elastic, as well as the tip. In addition, the 
cantilever must be stiffer than for a contact AFM, otherwise it may bend too 
much, causing the tip to “contact” the sample. A contact AFM is more 
useful for sample surfaces that may be covered with a thin layer of water. 
Even in a high vacuum, this can occur when gaseous water condenses upon 
it. A non-contact AFM will not penetrate the water layer and will record its 
topography instead of the sample, but a contact AFM gets close enough to 
break through this problem. 

Questions for Review 


e What was significant about the invention of the AFM (what could be 
done that was not possible before)? 

e Why is are the names “contact” and “non-contact” associated with 
these types of AFM? 


e AFM tips are commonly composed of silicon or silicon nitride. Given 
that the latter is a tougher, more durable material, which would be 
more appropriate for a contact AFM? 


Brownian Motion 


Note:"This module was developed as part of a Rice University Class called 
"Nanotechnology: Content and Context" initially funded by the National 
Science Foundation under Grant No. EEC-0407237. It was conceived, 
researched, written and edited by students in the Fall 2005 version of the 
class, and reviewed by participating professors." 


Clarkia 
pulcgella 


"This plant was Clarkia pulchella, of which the grains of pollen, taken from 
antherae full grown, but before bursting, were filled with particles or 
granules of unusually large size, varying from nearly 1/4000th to 1/5000th 
of an inch in length, and of a figure between cylindrical and oblong, 
perhaps slightly flattened, and having rounded and equal extremities. While 
examining the form of these particles immersed in water, I observed many 
of them very evidently in motion; their motion consisting not only of a 
change of place in the fluid, manifested by alterations in their relative 
positions, but also not unfrequently of a change of form in the particle 


itself; a contraction or curvature taking place repeatedly about the middle of 
one side, accompanied by a corresponding swelling or convexity on the 
opposite side of the particle. In a few instances the particle was seen to turn 
on its longer axis. These motions were such as to satisfy me, after 
frequently repeated observation, that they arose neither from currents in the 
fluid, nor from its gradual evaporation, but belonged to the particle itself.- 
Robert Brown, 1828" 


Introduction 


The physical phenomena described in the excerpt above by Robert Brown, 
the nineteenth-century British botanist and surgeon, have come collectively 
to be known in his honor by the term Brownian motion. 


Brownian motion, a simple stochastic process, can be modeled to 
mathematically characterize the random movements of minute particles 
upon immersion in fluids. As Brown once noted in his observations under a 
microscope, particulate matter such as, for example, pollen granules, appear 
to be in a constant state of agitation and also seem to demonstrate a vivid, 
oscillatory motion when suspended in a solution such as water. 


We now know that Brownian motion takes place as a result of thermal 
energy and that it is governed by the kinetic-molecular theory of heat, the 
properties of which have been found to be applicable to all diffusion 
phenomena. 


But how are the random movement of flower gametes and a British plant 
enthusiast who has been dead for a hundred and fifty years relevant to the 
study and to the practice of nanotechnology? This is the main question that 
this module aims to address. In order to arrive at an adequate answer, we 
must first examine the concept of Brownian motion from a number of 
different perspectives, among them the historical, physical, mathematical, 
and biological. 


Objectives 


By the end of this module, the student should be able to address the 
following critical questions. 


- Robert Brown is generally credited to have discovered Brownian motion, 
but a number of individuals were involved in the actual development of a 
theory to explain the phenomenon. Who were these individuals, and how 
are their contributions to the theory of Brownian motion important to the 
history of science? 


- Mathematically, what is Brownian motion? Can it be described by means 
of a mathematical model? Can the mathematical theory of Brownian motion 
be applied in a context broader than that of simply the movement of 
particles in fluid? 


- What is kinetic-molecular theory, and how is it related to Brownian 
motion? Physically, what does Brownian motion tell us about atoms? 


- How is Brownian motion involved in cellular activity, and what are the 
biological implications of Brownian motion theory? 


- What is the significance of Brownian motion in nanotechnology? What 
are the challenges posed by Brownian motion, and can properties of 
Brownian motion be hammessed in a way such as to advance research in 
nanotechnology? 


A Brief History of Brownian Motion 


Robert Brown (1773 - 
1858) 


The phenomenon that is known today as Brownian motion was actually first 
recorded by the Dutch physiologist and botanist Jan Ingenhousz. 
Ingenhousz is most famous for his discovery that light is essential to plant 
respiration, but he also noted the irregular movement exhibited by motes of 
carbon dust in ethanol in 1784. 


Adolphe Brongniart made similar observations in 1827, but the discovery of 
Brownian motion is generally accredited to Scottish-born botanist Robert 
Brown, even though the manuscript regarding his aforementioned 
experiment with primrose pollen was not published until nearly thirty years 
after Ingenhousz’ death. 


At first, he attributed the movement of pollen granules in water to the fact 
that the pollen was “alive.” However, he soon observed the same results 
when he repeated his experiment with tiny shards of window glass and 
again with crystals of quartz. Thus, he was forced to conclude that these 
properties were independent of vitality. Puzzled, Brown was in the end 
never able to adequately explain the nature of his findings. 


The first person to put forward an actual theory behind Brownian motion 
was Louis Bachelier, a French mathematician who proposed a model for 
Brownian motion as part of his PhD thesis in 1900. 


Five years later in 1905, Albert Einstein completed his doctoral thesis on 
osmotic pressure, in which he discussed a statistical theory of liquid 
behavior based on the existence of molecules. He later applied his liquid 
kinetic-molecular theory of heat to explain the same phenomenon observed 
by Brown in his paper Investigations on the Theory of the Brownian 
Movement. In particular, Einstein suggested that the random movements of 
particles suspended in liquid could be explained as being a result of the 
random thermal agitation of the molecules that compose the surrounding 
liquid. 


The subsequent observations of Theodor Svedberg and Felix Ehrenhaft on 
Brownian motion in colloids and on particles of silver in air, respectively, 
helped to support Einstein’s theory, but much of the experimental work to 
actually test Einstein’s predictions was carried out by French physicist Jean 
Perrin, who eventually won the Nobel Prize in physics in 1926. Perrin’s 
published results of his empirical verification of Einstein’s model of 
Brownian motion are widely credited for finally settling the century-long 
dispute about John Dalton’s theory for the existence of atoms. 


Brownian Motion and Kinetic Theory 


A grain of pollen 
colliding with water 
molecules moving 
randomly in all directions 
as aresult of heat energy. 


The kinetic theory of matter states that all matter is made up of atoms and 
molecules, that these atoms and molecules are in constant motion, and that 
collisions between these atoms and molecules are completely elastic. 


The kinetic-molecular theory of heat involves the idea that heat as an entity 
is manifested simply in the form of these moving atoms and molecules. 
This theory is comprised of the following five postulates. 


1. Heat is a form of energy. 

2. Molecules carry two types of energy: potential and kinetic. 

3. Potential energy results from the electric force between molecules. 

4. Kinetic energy results from the motion of molecules. 

5. Energy converts continuously between potential energy and kinetic 
energy. 


Einstein used the postulates of both theories to develop a model in order to 
provide an explanation of the properties of Brownian motion. 


Brownian motion is characterized by the constant and erratic movement of 
minute particles in a liquid or a gas. The molecules that make up the fluid in 
which the particles are suspended, as a result of the inherently random 
nature of their motions, collide with the larger suspended particles at 
random, making them move, in turn, also randomly. Because of kinetics, 
molecules of water, given any length of time, would move at random so that 
a small particle such as Brown’s pollen would be subject to a random 
number of collisions of random strength and from random directions. 


Described by Einstein as the “white noise” of random molecular 
movements due to heat, Brownian motion arises from the agitation of 


individual molecules by thermal energy. The collective impact of these 
molecules against the suspended particle yields enough momentum to 
create movement of the particle in spite of its sometimes exponentially 
larger size. 


According to kinetic theory, the temperature at which there is no movement 
of individual atoms or molecules is absolute zero (-273 K). As long as a 
body retains the ability to transfer further heat to another body — that is, at 
any temperature above absolute zero — Brownian motion is not only 
possible but also inevitable. 


Brownian Motion as a Mathematical Model 


The Brownian motion curve is considered to be the simplest of all random 
motion curves. In Brownian motion, a particle at time t and position p will 
make a random displacement r from its previous point with regard to time 
and position. The resulting distribution of r is expected to be Gaussian 
(normal with a mean of zero and a standard deviation of one) and to be 
independent in both its x and y coordinates. 


Thus, in summary a Brownian motion curve can be defined to be a set of 
random variables in a probability space that is characterized by the 
following three properties. 


For all time h > 0, the displacements X(t+h) — X(t) have Gaussian 
distribution. 


The displacements X(tt+h) — X(t), 0 < tl <t2<... tn, are independent of 
previous distributions. 


The mean displacement is zero. 
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A Brownian motion curve — time vs.x- 
coordinate of walk. 


From a resulting curve, it is evident that Brownian motion fulfills the 
conditions of the Markov property and can therefore be regarded as 
Markovian. In the field of theoretical probability, a stochastic process is 
Markovian if the conditional distribution of future states of the process is 
conditionally independent of that of its past states. In other words, given 
X(t), the values of X before time t are irrelevant in predicting the future 
behavior of X. 


Moreover, the trajectory of X is continuous, and it is also recurrent, 
returning periodically to its origin at 0. Because of these properties, the 
mathematical model for Brownian motion can serve as a sophisticated 
random number generator. Therefore, Brownian motion as a mathematical 
model is not exclusive to the context of random movement of small 
particles suspended in fluid; it can be used to describe a number of 
phenomena such as fluctuations in the stock market and the evolution of 
physical traits as preserved in fossil records. 


When the simulated Brownian trajectory of a particle is plotted onto an x-y 
plane, the resulting curve can be said to be self-similar, a term that is often 
used to describe fractals. The idea of self-similarity means that for every 
segment of a given curve, there is either a smaller segment or a larger 
segment of the same curve that is similar to it. Likewise, a fractal is defined 
to be a geometric pattern that is repeated at indefinitely smaller scales to 
produce irregular shapes and surfaces that are impossible to derive by 
means of classical geometry. 


Figure 5. The simulated trajectory of a particle in Brownian motion 
beginning at the origin (0,0) on an x-y plane after 1 second, 3 seconds, and 
10 seconds. Because of the fractal nature of Brownian motion curves, the 
properties of Brownian motion can be applied to a wide variety of fields 
through the process of fractal analysis. Many methods for generating fractal 
shapes have been suggested in computer graphics, but some of the most 
successful have been expansions of the random displacement method, 
which generates a pattern derived from properties of the fractional 
Brownian motion model. Algorithms and distribution functions that are 
based upon the Brownian motion model have been used to develop 
applications in medical imaging and in robotics as well as to make 
predictions in market analysis, in manufacturing, and in decision making at 
large. 


Rectified Brownian Motion 


A random Brownian “walk” 
method fractal. 


In recent years, biomedical research has shown that Brownian motion may 
play a critical role in the transport of enzymes and chemicals both into and 
out of cells in the human body. 


Within the cells of the body, intracellular microtubule-based movement is 
directed by the proteins kinesin and dynein. The long-accepted explanation 
for this transport action is that the kinesins, fueled by energy provided by 
ATP, use their two appendage-like globular heads to “walk” deliberately 
along the lengths of the microtubule paths to which they are attached. 
Kinesin, as a motor protein, has conventionally been understood to allow 
for the movement of objects within cells by harnessing the energy released 
from either the breaking of chemical bonds or the energy released across a 
membrane in an electrochemical gradient. The kinesin proteins thus were 
believed to function as cellular “tow trucks” that pull chemicals or enzymes 
along these microtubule pathways. 


New research, however, posits that what appeared to be a deliberate towing 
action along the microtubules is actually a result of random motion 
controlled by ATP-directed chemical switching commands. It is now argued 
that kinesins utilize rectified Brownian motion (converting this random 
motion into a purposeful unidirectional one). 


We begin with a kinesin protein with both of its globular heads chemically 
bound to a microtubule path. According to the traditional power stroke 
model for motor proteins, the energy from ATP hydrolysis provides the 
impetus to trigger a chemo-mechanical energy conversion, but according to 
the rectified Brownian motion model, the energy released by ATP 
hydrolysis causes an irreversible conformational switch in the ATP binding 
protein, which in turn results in the release of one of the motor protein 
heads from its microtubule track. Microtubules are composed of fibrous 
proteins and include sites approximately 8 nm apart where kinesin heads 
can bind chemically. This new model suggests that the unbound kinesin 


head, which is usually 5-7 nm in diameter, is moved about randomly 
because of Brownian motion in the cellular fluid until it by chance 
encounters a new site to which it can bind. Because of the structural limits 
in the kinesin and because of the spacing of the binding sites on the 
microtubules, the moving head can only reach one possible binding site — 
that which is located 8 nm beyond the bound head that is still attached to 
the microtubule. Thus, rectified Brownian motion can only result in moving 
the kinesin and its cargo 8 nm in one direction along the length of the 
microtubule. Once the floating head binds to the new site, the process 
begins again with the original two heads in interchanged positions. The 
mechanism by which random Brownian motion results in movement in only 
one pre-determined direction is commonly referred to a Brownian ratchet. 


Ordinarily, Brownian motion is not considered to be purposeful or 
directional on account of its sheer randomness. Randomness is generally 
inefficient, and though in this case only one binding site is possible, the 
kinesin head can be likened to encounter that binding site by “trial and 
error.” For this reason, Brownian motion is normally thought of as a fairly 
slow process; however, on the nanometer scale, Brownian motion appears 
to be carried out at a very rapid rate. In spite of its randomness, Brownian 
motion at the nanometer scale allows for rapid exploration of all possible 
outcomes. 


Brownian Motion and Nanotechnology 


An artist’s rendition of a tourist 
submarine, shrunk to cellular 
size, in Asimov’s Fantastic 
Voyage. 


If one were to assume that Brownian motion does not exercise a significant 
effect on his or her day-to-day existence, he or she, for all practical 
purposes, would be correct. After all, Brownian motion is much too weak 
and much too slow to have major (if any) consequences in the macro world. 
Unlike the fundamental forces of, for instance, gravity or electromagnetism, 
the properties of Brownian motion govern the interactions of particles on a 
minute level and are therefore virtually undetectable to humans without the 
aid of a microscope. How, then, can Brownian motion be of such 
importance? 


As things turn out, Brownian motion is one of the main controlling factors 
in the realm of nanotechnology. When one hears about the concept of 
nanotechnology, tiny robots resembling scaled down R2D2-style miniatures 
of the larger ones most likely come to mind. Unfortunately, creating nano- 
scale machines will not be this easy. The nano-ships that are shrunk down to 
carry passengers through the human bloodstream in Asimov’s Fantastic 
Voyage, for example, would due to Brownian motion be tumultuously 
bumped around and flexed by the molecules in the liquid component of 
blood. If, miraculously, the forces of Brownian motion did not break the 
Van der Waals bonds maintaining the structure of the vessel to begin with, 
they would certainly make for a bumpy voyage, at the least. 


Eric Drexler’s vision of rigid nano-factories creating nano-scale machines 
atom by atom seems amazing. While it may eventually be possible, these 
rigid, scaled-down versions of macro factories are currently up against two 
problems: surface forces, which cause the individual parts to bind up and 
stick together, and Brownian motion, which causes the machines to be 
jostled randomly and uncontrollably like the nano-ships of science fiction. 


As a consequence, it would seem that a basic scaling down of the machines 
and robots of the macro world will not suffice in the nano world. Does this 
spell the end for nanotechnology? Of course not. Nature has already proven 
that this realm can be conquered. Many organisms rely on some of the 
properties of the nano world to perform necessary tasks, as many scientists 
now believe that motor proteins such as kinesins in cells rely on rectified 
Brownian motion for propulsion by means of a Brownian ratchet. The 
Brownian ratchet model proves that there are ways of using Brownian 
motion to our advantage. 


Brownian motion is not only be used for productive motion; it can also be 
harnessed to aid biomolecular self-assembly, also referred to as Brownian 
assembly. The fundamental advantage of Brownian assembly is that motion 
is provided in essence for free. No motors or external conveyance are 
required to move parts because they are moved spontaneously by thermal 
agitation. Ribosomes are an example of a self-assembling entity in the 
natural biological world. Another example of Brownian assembly occurs 
when two single strands of DNA self-assemble into their characteristic 
double helix. Provided simply that the required molecular building blocks 
such as nucleic acids, proteins, and phospholipids are present in a given 
environment, Brownian assembly will eventually take care of the rest. All 
of the components fit together like a lock and key, so with Brownian 
motion, each piece will randomly but predictably match up with another 
until self-assembly is complete. 


Brownian assembly is already being used to create nano-particles, such as 
buckyballs. Most scientists view this type of assembly to be the most 
promising for future nano-scale creations. 


The Environmental Impact of the Manufacturing of Seminconductors 

This module gives a brief general overview of semi-conductor 
manufacturing and some of the components and processes used to produce 
them that can potentially cause harm to humans or the environment. 


Note:"This module was developed as part of a Rice University Class called 
"Nanotechnology: Content and Context" initially funded by the National 
Science Foundation under Grant No. EEC-0407237. It was conceived, 
researched, written and edited by students in the Fall 2005 version of the 
class, and reviewed by participating professors." 


What is a semiconductor? 


The semiconductor industry is one of the fastest growing manufacturing 
sectors in not only the United States but also in the world. According to the 
American Electronics Association, the domestic sales of electronic 
components have skyrocketed, jumping from $127 billion to $306 billion 
over the course of the 1980’s. In the first three quarters of the 2003 fiscal 
year alone, the export of technology goods from the United States increased 
by $19 billion [1]. 


The word “semiconductor” technically refers to any member of a class of 
solid, crystalline materials that is characterized by an electrical conductivity 
better than that of insulators (e.g., plastic) but less than that of good 
conductors (e.g., copper) [2]. Semiconductors are particularly useful as a 
base material in the manufacturing of computer chips, and the term 
semiconductor has actually come to be synonymous with the computer 
chips, themselves. However, semiconductors are not only used in 
computers. Computers only make up 44% of entire industry consumption 
(see [link]). Semiconductors are also used for military, automotive, 
industrial, communications, and other consumer purposes. 
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Relative consumption of semiconductors by 
industry [3]. 


Semiconductors seem to be anywhere and everywhere throughout our 
everyday lives, yet it is surprising how little most people know about how 
they actually work or about the potentially devastating effects their 
manufacturing can have on the environment and human health. 


Why is nanotechnology important to the semiconductor 
industry? 


Much of the study of nanotechnology has been centered on the 
manufacturing of semiconductors. Though there are a number of highly 
anticipated applications for nanotechnology in other fields, notably in 
medicine and in biotechnology, the most tangible results thus far can be 
argued to have been achieved in the semiconductor industry. 


An example of a semiconductor 
(photo from PEAK). 


For example, Intel recently unveiled its first products based on a generation 
of 90-nanometer process technology, and its researches and engineers have 
built and tested prototype transistors all the way down to the 22-nanometer 
range. Currently, Intel scientists and engineers are working on identifying 
new materials such as carbon nanotubes and nanowires to replace current 
transistors, and in particular they hope to develop a “tri-gate” transistor 
approach that would enable chip designers to build transistors below the 22- 
nanometer range [4]. 


With the advent of nanotechnology, these transistors are becoming even 
faster and more powerful, and in accordance with the law of accelerating 
returns, the industry has been producing smaller transistors at lower costs 
with each and every passing year. As these semiconductors become smaller 
and smaller, they are quickly and surely pushing towards the limits of the 
nano-realm. 


These innovations, however, do not come without their fair share of 
challenges. Physical issues that are not problematic at the micron scale arise 
at the nano-scale due to the emergence of quantum effects, and in much the 


same way that optical microscopy cannot be utilized at the nano-scale, the 
semiconductor industry is fast approaching a similar diffraction limit. 
Optical lithography, for instance, a process that uses the properties of light 
to etch transistors onto wafers of silicon, will soon reach its limit. 


At its most basic level, nanotechnology involves pushing individual atoms 
together one by one. Since approximately 1.7 billion transistors are required 
for a single chip, this is obviously not a realistic method for mass 
production. Unless an alternative method for production or a solution to this 
problem is found, the development and manufacturing of transistors are 
expected to hit a proverbial brick wall by the year 2015. This is the reason 
that research in nanotechnology is so important for the world and future of 
semiconductors. 


How are semiconductors manufactured? 


Today’s semiconductors are usually composed of silicon, and they are 
manufactured in a procedure that combines the familiar with the bizarre; 
some steps that are involved in the process are as everyday as developing a 
roll of photographic film while others seem as if they would be better suited 
to take place on a spaceship. 


These semiconductors appear to the naked eye as being small and flat, but 
they are actually three-dimensional “sandwiches” that are ten to twenty 
layers thick. It can take more than two dozen steps and up to two full 
months to produce a single one of these silicon sandwiches. Some of the 
basic and more essential steps involved in the manufacturing process of 
silicon chips are briefly detailed below. 


First, silicon crystals are melted in a vat and purified to 99.9999% purity. 
The molten silicon is drawn into long, heavy, cylindrical ingots, which are 
then cut into thin slices called wafersabout the thickness of a business card. 


One side of each wafer must be polished absolutely smooth. This process is 
called chemical-mechanical polishing, and it involves bathing the wafers in 
special abrasive chemicals. After chemical-mechanical polishing, 


imperfections cannot be detected on the wafers even with the aid of a 
laboratory microscope. 


After a wafer is polished, layers of material must be stacked on top of the 
silicon wafer base. Insulating layers are laid down in alternation with 
conducting layers in a process called deposition. This is often achieved by 
spraying the chemicals directly onto the surface of the wafer through 
chemical vapor deposition. Following deposition, the wafer is coated with 
another layer of chemicals called a photoresist that is sensitive to light. 


Next, a machine called a stepper ({link]) is calibrated to project an 
extremely fine and focused image through a special type of reticle film in a 
manner similar to that of a simple slide projector. The light that is 
transmitted through the reticle is projected onto the photoresist layer, which 
reacts to the light and begins to harden. All of the parts of the wafer 
exposed to this light harden into a tough crust while the parts in shadow 
remain soft. This particular step is known by the name of 
photoelectrochemical etching because it achieves an etching effect, 
resulting in a chip. 


(ASM Lithography) 


An artist’s illustration of a stepper (image 


from Solid State Electronics). 


Hundreds of copies of the chip are etched onto the wafer until the entire 
surface has been exposed. Once this process is complete, the entire wafer is 
submerged into an etching bath, which washes away any parts of the 
photoresist that remain unexposed along with the insulating chemicals 
underneath. The hardened areas of the photoresist, however, remain and 
protect the layers of material underneath them. This process of depositing 
chemicals, coating with a photoresist, exposure to light over a film mask, 
and etching and washing away is repeated more than a dozen times. The 
result is an elaborate, three-dimensional construction of interlocking silicon 
wires. 


This product is then coated with another insulating layer and is plated with 
a thin layer of metal, usually either aluminum or copper. Yet another 
photoresist is laid down on top of this metal plating, and after the wafer is 
exposed in a stepper, the process repeats with another layer of metal. After 
this step has been repeated several more times, a final wash step is 
performed, and a finished semiconductor product rolls off the assembly 
line, at last. 


What is a clean room? 


A typical semiconductor fabrication facility, or “fab” in industry jargon, 
looks like a normal two- or three-story office building from the outside, and 
most of the interior space is devoted to one or more “clean rooms,” in 
which the semiconductors are actually made. A clean room is designed with 
a fanatical attention to detail aimed towards keeping the room immaculate 
and dust-free ({link]). 


An industry clean room at AP Tech (photo 
from Napa Gateway). 


Most if not all surfaces inside these clean rooms are composed of stainless 
steel, and these surfaces are sloped whenever possible or perforated by 
grating to avoid giving dust a place to settle. The air is filtered through both 
the ceiling and the floor to remove particles that are down to 1/100 the 
width of a human hair. Lighting is characteristically bright and slightly 
yellowish to prevent mildew from forming behind equipment or in recessed 
comers, and even the workers in a clean room must be absolutely spotless. 


Workers in these rooms must be covered from head to toe in “bunny suits” 
that completely seal the body in a bulky suit, helmet, battery pack, gloves, 
and boots. Once sealed in these suits, the workers often look more like 
space explorers in a science fiction movie than computer chip employees, 
but in order to even enter the stainless steel locker room to suit up to begin 
with, they must first pass through a series of air lock doors, stand under a 
number of “air showers” that actually blow dust off of clothing, and walk 
across a sticky floor matting that removes grime from the bottom of shoes. 


Semiconductor-manufacturing companies often portray their fabrication 
facilities as being clean, environmentally friendly, and conspicuously free 
of the black, billowing smokestacks that have come to be associated with 


the plants and factories of other major industries. These facilities produce 
no visible pollution and certainly do not appear to pose any health or 
environmental risks. 


In truth, the term “clean room,” itself is more than just a bit of an 
understatement. Industry executives often boast that their clean rooms are 
from 1,000 times to 10,000 times cleaner and more sanitary than any 
hospital operating room. 


What are the health risks involved in the semiconductor 
industry? 


The use of sterile techniques and the fastidious attention devoted to 
cleanliness in the semiconductor industry may perpetuate the illusion that 
the manufacturing of semiconductors is a safe and sterile process. However, 
as arapidly growing body of evidence continues to suggest, hardly anything 
could be further from the truth ({link]). The question of worker safety and 
chemical contamination at chip-making plants has received an increasing 
amount of attention over the course of the past decade. 


4. DANGER 
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FARSHA 


Chemicals used in the 
manufacturing of semiconductors 
are known to have toxic effects 
(image from FARSHA). 


The devices being built at semiconductor fabrication facilities are super- 
sensitive to environmental contaminants. Because each chip takes dozens of 
trained personnel several weeks to complete, an enormous amount of time 
and effort is expended to produce a single wafer. The industry may pride 
itself on its perfectly immaculate laboratories and its bunny-suited workers, 
but it should be noted that the bunny suits are not designed to protect their 
wearers from hazardous materials but rather to protect the actual 
semiconductor products from coming into contact with dirt, hair, flakes of 
skin, and other contaminants that can be shed from human bodies. They 
protect the silicon wafers from the people, not the people from the 
chemicals. 


Lee Neal, the head of safety, health, and environmental affairs for the 
Semiconductor Industry Association, has been quoted as saying, “This is an 
environment that is cleaner than an operating room at a hospital.” However, 
this boast is currently being challenged by industry workers, government 
scientists, and occupational-health experts across the country and 
worldwide. 


Industrial hygiene has always been an issue in the semiconductor industry. 
Many of the chemicals involved in the manufacturing process of 
semiconductors are known human carcinogens or pose some other serious 
health risk if not contained properly. [link] lists ten of the hazardous 
chemicals most commonly used in manufacturing semiconductors along 
with their known effects on human health. 


Chemical name 


Acetone 


Arsenic 


Arsine 


Benzene 


Role in 
manufacturing 
process 


Chemical- 
mechanical polishing 
of silicon wafers 


Increases 
conductivity of 
semiconductor 
material 


Chemical vapor 
deposition 


Photoelectrochemical 


Health problems 
linked to exposure 


Nose, throat, lung, 
and eye irritation, 
damage to the skin, 
confusion, 
unconsciousness, 
possible coma 


Nausea, delirium, 
vomiting, 
dyspepsia, diarrhea, 
decrease in 
erythrocyte and 
leukocyte 
production, 
abnormal heart 
rhythm, blood 
vessel damage, 
extensive tissue 
damage to nerves, 
stomach, intestine, 
and skin, known 
human carcinogen 
for lung cancer 


Headache, malaise, 
weakness, vertigo, 
dyspnea, nausea, 
abdominal and 
back pain, jaundice, 
peripheral 
neuropathy, anemia 


Damage to bone 


etching 


Creates “holes” in 
silicon lattice to 


Cadmium 
create effect of 
positive charge 
Hydrochloric Photoelectrochemical 
acid etching 
Lead Electroplated 


soldering 


Marrow, anemia, 
excessive bleeding, 
immune system 
effects, increased 
chance of infection, 
reproductive 
effects, known 
human carcinogen 
for leukemia 


Damage to lungs, 
renal dysfunction, 
immediate hepatic 
injury, bone 
defects, 
hypertension, 
reproductive 
toxicity, 
teratogenicity, 
known human 
carcinogen for lung 
and prostate cancer 


Highly corrosive, 
severe eye and skin 
burns, 
conjunctivitis, 
dermatitis, 
respiratory 
irritation 


Damage to renal, 
reproductive, and 
immune systems, 
spontaneous 
abortion, premature 
birth, low birth 


Methyl 
chloroform Wasting 
Toluene Chemical vapor 


deposition 


Trichloroethylene Washing 


weight, learning 
deficits in children, 
anemia, memory 
effects, dementia, 
decreased reaction 
time, decreased 
mental ability 


Headache, central 
nervous system 
depression, poor 
equilibrium, eye, 
nose, throat, and 
skin irritation, 
cardiac arrhythmia 


Weakness, 
confusion, memory 
loss, nausea, 
permanent damage 
to brain, speech, 
vision, and hearing 
problems, loss of 
muscle control, 
poor balance, 
neurological 
problems and 
retardation of 
growth in children, 
suspected human 
carcinogen for lung 
and liver cancer 


Irritation of skin, 
eyes, and 
respiratory tract, 
dizziness, 


drowsiness, speech 
and hearing 
impairment, kidney 
disease, blood 
disorders, stroke, 
diabetes, suspected 
human carcinogen 
for renal cancer 


Chemicals of concern in the semiconductor industry [5]. 


Several semiconductor manufacturers including National Semiconductor 
and IBM have been cited in the past for holes in their safety procedures and 
have been ordered to tighten their handling of carcinogenic and toxic 
materials. 


In 1996, 117 former employees of IBM and the families of 11 workers who 
had died of cancer filed suit against the chemical manufacturers Eastman 
Kodak Company, Union Carbide Corporation, J. T. Baker, and KTI 
Chemicals, claiming that they had suffered adverse health effects as a result 
of exposure to hazardous chemicals on the job in the semiconductor 
industry [5]. The lawsuit was filed in New York, which prevented the 
employees from suing IBM directly. A separate group of former IBM 
workers who had developed cancer filed suit against the company in 
California, alleging that they had been exposed to unhealthy doses of 
carcinogenic chemicals over the past three decades. Witnesses who testified 
in depositions in the New York state court in Westchester County described 
how monitors that were supposed to warn workers of toxic leaks often did 
not function because of corrosion from acids and water. They also alleged 
that supervisors sometimes shut down monitors to maintain production 
rates. When they lodged complaints with senior officials in the company, 
they claim to have been told not to “make waves” [6]. Meanwhile, 70 
female workers in Scotland sued National Semiconductor Corporation, 
another U.S.-based company, claiming that they, too, were exposed to 
carcinogens on the job. 


These lawsuits and the resulting publicity prompted a groundbreaking study 
by the Health and Safety Executive, which commissioned a committee to 
investigate these allegations [7]. The committee found that there were 
indeed unusually high levels of breast and other kinds of cancer among 
workers at National Semiconductor’s fabrication facility in Greenock, 
Scotland. The committee concluded that the company had failed to ensure 
that the local exhaust ventilation systems adequately controlled the potential 
exposure of employees to hydrofluoric acid and sulphuric acid fumes and to 
arsenic dust. These findings proved to be extremely embarrassing for the 
company and for the industry. According to an official statement released 
by Ira Leighton, acting regional administrator of the New England branch 
of the U.S. Environmental Protection Agency, "National Semiconductor is a 
big business that uses a large amount of harmful chemicals and other 
materials. Our hazardous waste regulations were created to properly 
monitor dangerous chemicals and prevent spills. In order for it to work, it is 
important businesses to comply with all of the regulations. When 
companies fail to do this they are potentially putting people — their 
employees and neighbors — at risk [8]. " 


Moreover, a study of fifteen semiconductor manufacturers published in the 
December 1995 issue of the American Journal of Independent Medicine 
showed that women working in the so-called clean rooms of the 
semiconductor fabs suffered from a 14% miscarriage rate. 


Protesters at a rally staged against 
IBM (photo from San Francisco 
Independent Media Center). 


The main problem in prosecution is that the industry does not have a single 
overarching and definitive process for manufacturing, and it is difficult to 
pinpoint one particular compound as causing a certain health problem 
because some plants use as many as 300 chemicals. Also, many of the 
manufacturing processes take place in closed systems, so exposure to 
harmful substances is often difficult to detect unless monitored on a daily 
basis. 


Executives and spokespeople for the semiconductor industry maintain that 
any chip workers’ cancers and other medical problems are more likely due 
to factors unrelated to the job, such as family history, drinking, smoking, or 
eating habits. They also say that over the years, as awareness of chemical 
hazards has grown, they have made efforts to phase out toxic chemicals and 
to lower exposure to others. They insist that they use state-of-the-art 
process equipment and chemical transfer systems that limit or prevent 
physical exposure to chemicals and point out that the substances used in the 
semiconductor industry are used in other industries without a major health 
or safety problem. 


What environmental risks are involved? 


In theory, attention to cleanliness is in the manufacturer’s best interest not 
only from a health perspective but also from an economic. Many chemicals 
used in the production process are not expensive in and of themselves; 
however, the cost of maintaining these materials in an ultra-clean state can 
be quite high. This encourages the close monitoring of usage, the 
minimization of consumption, and the development of recycling and 
reprocessing techniques. Also, the rising costs of chemical disposal are 
prompting companies to conduct research into alternatives that use more 
environmentally friendly methods and materials. Individual companies and 


worldwide trade associations were active in reducing the use and emission 
of greenhouse gases during the 1990’s, and the industry as a whole has 
substantially reduced emissions over the last twenty years. 


Nonetheless, there has been a history of environmental problems linked to 
the industry in Silicon Valley and other technology centers. To begin with, a 
tremendous amount of raw materials is invested in the manufacturing of 
semiconductors every year. 


Moreover, a typical facility producing semiconductors on six-inch wafers 
reportedly uses not only 240,000 kilowatt hours of electricity but also over 
2 million gallons of water every day [9]. Newer facilities that produce 
eight-inch and twelve-inch wafers consume even more, with some estimates 
going as high as five million gallons of water daily. While recycling and 
reusing of water does occur, extensive chemical treatment is required for 
remediation, and in dry or desert areas such as Albuquerque, New Mexico, 
home to plants for Motorola, Philips Semiconductor, Allied Signal and 
Signetics, Intel, and other high-tech firms, the high consumption of water 
necessary for the manufacturing of semiconductors can pose an especially 
significant drain on an already scarce natural resource [10]. The existence 
of economic mainstays including the mining industry and the established 
presences of Sandia National Laboratories and the Los Alamos National 
Laboratory make New Mexico an attractive location for high-tech tenants. 
However, the opening of fabrication facilities in the state leaves its farmers 
and ranchers in constant competition with the corporations for rights to 
water consumption. On average, the manufacturing of just 1/8-inch of a 
silicon wafer requires about 3,787 gallons of wastewater, not to mention 27 
pounds of chemicals and 29 cubic feet of hazardous gases [11]. 


A community near Sutter Creek, 
California that has been designated as 
an EPA Superfund site as a result of 
arsenic contamination (photo from 
Alexander, Hawes, & Audet). 


Contamination has also been an issue in areas surrounding fabrication 
plants. Drinking water was found to be contaminated with trichloroethane 
and Freon, toxins commonly used in the semiconductor industry, in San 
Jose, California in 1981 [12]. These toxins were later suspected to be the 
cause of birth defects of many children in the area. The culprits were 
Fairchild Semiconductor and IBM. The companies’ underground storage 
tanks were found to have leaked tens of thousands of gallons of the toxic 
solvents into the ground. There are a number of semiconductor-related EPA 
cleanup sites in Silicon Valley, and there have been concerns raised about 
the cumulative air and groundwater pollution in Silicon Valley, as well. 


Another area of concern is the eventual fate of discarded electronic systems 
such as computers, pagers, mobile phones, and televisions that contain 
semiconductor devices. Personal computers in particular are especially 
problematic because they become obsolete fairly rapidly and lose almost all 
of their market value within five or ten years after their date of 
manufacture. Tens of millions of PC’s are sold in the United States each 
year, and they pose an environmental risk not only through their sheer bulk 


in city dumps and landfills but also because their semiconducting devices 
often contain significant amounts of heavy metals, including lead and other 
potentially hazardous substances. 


Why don’t we hear more about this on the news? 


Across the United States, approximately 60% of the manufacturing 
facilities for semiconductor devices are located in six states. These states 
listed in descending order are California, Texas, Massachusetts, New York, 
Illinois, and Pennsylvania. The industry appears to be concentrated in these 
particular locations in part because they are near the primary users, 
transportation routes, and experts in the field, but people of all ages in all 
fifty states are impacted by semiconductor technology. Consumerism of 
semiconductor products is only expected to increase in coming years. 
Apple, for instance, expects to have sold 23.6 million iPods, devices that 
rely on semiconductor technology, by the year 2006. 


If semiconductors are so ubiquitous in our day-to-day lives, why is there so 
little awareness about the serious environmental and health risks that are 
involved in their manufacturing process? Part of the problem is that little is 
known about the long-term health or environmental consequences of 
exposure to the chemicals that are used in the process. Because the 
semiconductor industry is still relatively new, not many studies have been 
conducted on this topic, and existing data is often inconclusive. This being 
said, some scientists predict that the cancer rate in the silicon chip industry 
will rise significantly in the future because cancer can take as long as 20-25 
years to manifest itself in populations of exposed workers. 


The EPA does have regulations in effect that are aimed toward the purpose 
of controlling the levels of contaminants released and minimizing human 
and environmental exposure to them. However, current regulations do not 
mandate that American companies report on offshore manufacturing. 
Therefore, even as media coverage and general awareness increase, 
companies can simply outsource more and more of their fabrication 
facilities to, for example, Southeast Asia. Some companies, in fact, have 
begun to do so, and there have even already been studies conducted on the 


health issues of workers in the electronics and semiconductor industries of 
Singapore and Malaysia [13]. 


Thus, changes in how and where semiconductor firms manufacture chips 
currently outstrip the present ability of the United States government and 
media institutions to track and monitor their potential threats to humans and 
the environment. If this situation is to change for the better in the near 
future, it is clear that radical reforms will need to take place on a number of 
different levels. However, the who, what, when, where, and why, so to 
speak, of that reform remains to be addressed. 


Discussion questions 


How many electronics products do you use on a day-to-day basis? 
How many of these products contain semiconductors? 

Who do you think is ultimately responsible for initiating reform? The 
government? The corporation? The consumer? 

Do you think that the health and environmental incidents related to 
semiconductor manufacturing will remain isolated incidents? Or do 
you think that these incidents will become epidemic in the future? 
Do you think that nanotechnology will help the problem or make the 
problem worse? 
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Patent or Perish 


Note:"This module was developed as part of a Rice University Class called 
"Nanotechnology: Content and Context" initially funded by the National 
Science Foundation under Grant No. EEC-0407237. It was conceived, 
researched, written and edited by students in the Fall 2005 version of the 
class, and reviewed by participating professors." 


Introduction 


Nanotechnology is one of the newest and fastest growing scientific fields in 
today's world. As many new ideas and applications come along, there is an 
overwhelming need for numerous patents. Since nanotechnology poses such 
great potential for technological advancement and therefore tremendous 
financial gains, patents in this field become especially important. A patent is 
defined as a public document that demonstrates the use of a new product or 
process and that consequently gives the patentee exclusive rights to the 
development and profit of his or her invention.[1] 


The three basic types of patents are: 


e Utility Patents: A patent for the function of an invention. For example, 
a patent on a mousetrap. 

e Design Patents: A patent for the non-functional characteristics of an 
invention. For example, a patent on a specific design of jewlery. 

e Plant Patents: A patent for an asexually reproducible plant.[2] 


Additionally, there are four basic requirements for patent law. First, it must 
be a novel idea. Next, it must be a non-obvious idea. Thirdly, the patent 
must have a practical purpose or a marketable application. And last, the 
patent must be described in such a way that it can be interpreted and used 
by a person skilled in the particular field (i.e. nanotechnology).[3] 


To protect the inventor, the patent systems in the United States and other 
countries allow the patentee to take action against infringers through civil 
lawsuits. The definition of infringement in the United States is defined in 
the case of Wolverine World Wide, Inc. v. Nike, Inc.: 


"[F]or a court to find infringement, the plaintiff must show the presence of 
every element or its substantial equivalent in the accused device."[4] 


Why are Patents Important? 


The United States has a patenting system to allow inventors, ranging from 
corporations to universities, to get a guarantee of a return on their 
investment for their research. Without this, capitalism, the driving force of 
our entire country, could not flourish because inventors would not be able to 
secure their ability to profit from their invention. For example, in the case 
of a pharmaceutical company, investors will put in billions of dollars into 
research for new drugs over a long period of time (often a decade or more). 
They are willing to do this on the assumption that they can obtain a patent 
which will allow them to obtain revenues as the sole distributor of that 
product. In addition, patents are also important tools for university 
researchers and their institution to receive prestige and recognition. For 
example, Dr. Richard Smalley, a professor at Rice University in the 
chemistry department, obtained patent number 5227038 for his discovery of 
the fullerene- more commonly known as the Buckyball- a third form of 
carbon.[5] First, with this patent, Dr. Smalley and Rice University became 
known world wide. This recognition included a Nobel Prize for Smalley as 
well as large government contracts and grants for the school. Second, with 
this patent, future possibilities of earnings-via royalties-were opened up for 
the school and thus leads to further research. 


Criticism of the Patent System 


The major criticism of the patent system lies in the apparent creation of a 

monopoly. When an inventor is granted exclusive economic control of his 
invention, competition is hindered. As a result, this stifles capitalism and 

also provides an expensive but lower quality product.[6] 


Secondly, a concept known as the "tragedy of the anticommons" presents a 
deeper problem in patenting. This theory was established by Michael Heller 
and Rebecca Eisenberg in a 1998 publication of "Science."[7] In essence, 
their paper stated that innovations to patented inventions would be hindered 
due to the additional costs of respecting royalties from the original patent. 
As a result, the societal benefits due to innovations of current products 
would be inhibited.[8] 
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Figure 1: First patent issued by United States [10] 


History of Patents: From Ancient Greece to Nanotechnology 


"Before [the adoption of the United States Constitution], any man might 
instantly use what another had invented; so that the inventor had no special 
advantage from his own invention. The patent system changed this; secured 
to the inventor, for a limited time, the exclusive use of his invention; and 


thereby added the fuel of interest to the fire of genius, in the discovery and 
production of new and useful things."-Abraham Lincoln, Second lecture on 
discoveries and inventions, February 11, 1859 


Patenting has a very lengthy history; this tradition began in a rudimentary 
form in ancient Greek cities. However, it was not until 15th century Venice 
that patents in today's sense were issued. This Venetian law was defined as 
the Venetian Statute of 1474 and called for an invention's "legal protection 
against potential infringers."[9] Over time, patenting evolved throughout 
Europe. In the United Kingdom, for example, the King or Queen was given 
the executive power to issue "letters patent" that awarded certain people 
monopolies over specific goods or services. Then, in 1790, a revolutionary 
breakthrough in the patenting process occurred when the United States 
established the Patent Commission of the U.S. The first patent (Figure 1) 
was awarded by this commission in this same year. [11] The most important 
facet of this patent system was that it recognized by law that an inventor 
had an "intrinsic" right to make money off of his or her discovery. 
Previously, this right was not intrinsic but rather individually given by a 
monarchal power.[12] Our founding fathers created this specific system to 
allow capitalism, the backbone of America, to flourish. This important 
distinction in the United States patent system is depicted in Article I, 
Section 8 of the Constitution: 


"Congress shall have the power...to promote the progress of science and 
useful arts by securing for limited times to authors and inventors the 
exclusive right to their respective writings and discoveries." 


Over time, after several amendments to the original Patent Commission, the 
United States Patent Office was officially created in 1802. From this point, 
hundreds of thousands of patents were given out over the course of the next 
two centuries.[13] 
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Graph of the number of patents granted from 1870 
to 2005 [14] 


Additionally, a second patenting breakthrough occurred in the United States 
after World War II. Vannevar Bush, a leading government researcher, 
realized the importance of government funded research for national 
defense. Expanding on this idea, Bush recognized that university research 
could also be used in non-war time to enhance the economy, through the 
transfer of knowledge from basic science to industrial production. 
Consequently, he believed that the government should fund these university 
projects. This belief was put into practice by the foundation of the National 
Science Foundation and other similar organizations. Nevertheless, up until 
the 1960's, there was limited success in the transfer of basic research 
discoveries into economic results due to patenting problems. Because of the 
inconsistencies in the policies and practices of government agencies, very 
little of the discoveries made in basic scientific research were transferred to 
the private sector. Statistically, in 1980, out of the 28,000 patents titled by 


the federal government, less than 5% were directed towards commercial 
products that would benefit the public directly. [15] 


In 1980, the United States government, in order to solve this problem, 
decided that a policy was needed which allowed universities to obtain 
ownership over certain inventions (direct involvement in 
commercialization). As a result, this policy would theoretically stimulate 
the United State's economy due to an influx in the licensing and 
commercialization of new inventions. This policy was officially 
implemented as the Bayh-Dole Act, which allowed and, to an extent, 
encouraged colleges and universities to begin developing and strengthening 
the research needed to proceed in the patenting of useful inventions.[16] 


Radio World’s Hall of Fame 
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Vannevar Bush [19] 


Prior to the decision of passing this act, there was considerable debate about 
this issue. Many feared that such a policy of exclusive licenses would lead 
to monopolies and higher prices. Furthermore, people saw problems in 
areas ranging from foreign industries getting too much benefit from the act 
to whether the act fostered anti-competitiveness. However, this drastic 
concern for the act led to increased debate and modifications that 
strengthened the future benefit of the measure.[17] 


Ultimately, it can be concluded that the Bayh-Dole act drastically increased 
the transfer of technology from research into industry. Today, the positive 
effect of the Bayh-Dole act is evident in the miraculous advances in the 
medical, engineering, chemical, and computing fields. Hence, the Bayh- 
Dole act is an integral part of nationally funded scientific research. Today, 
there exist more than 5 million patents given by the United States Patent 
and Trademark Office. [18] 


Patents and the World 


In an increasingly globalized and economically interconnected world, the 
importance of patents across borders has become an important issue in 
recent years. Patents and patent law often come into dispute on the 
international level for two main reasons. Most countries have some form of 
patent laws and agencies but all differ, some drastically, in how they define 
a patent, what it can be filed for, and the degree that other countries' patents 
are accepted. Hence, the first main issue of this dispute comes from whether 
a patent made in one country is viable in another. The second issue arises 
when one country's laws and dealings come into conflict with another; a 
problem that requires international mediation. 
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Figure 4: National application process through WIPO 
[21] 


When one gets a patent they would usually have to apply and obey 
procedures (and pay the fees) required by each of the countries’ patent laws. 
Due to the difficulty of applying for patents in dozens of countries, many 
treaties have been created to make the process more feasible. The first such 
recorded treaty came out of the Paris Convention of 1883, which simply 
established that all the countries that were part of the Paris Convention 
would accept the filing date of a patent originating in any one country. 
However, this still left the problem of going through the procedures of each 


country. The Patent Cooperation Treaty (PCT) attempted to streamline 
various national procedures into a single national application process 
(Figure 4) through the World International Property Organization (WIPO). 
[20] This system has eased this first issue substantially, though there is still 
a great deal of asymmetry in countries’ patent law. 


The second problem creates even more contention. How does the 
international community enforce patent rights and laws? What ‘body' 
should deal with mediating disputes? Should one country be able to affect 
another country's patent laws? How? Major international disputes have put 
these questions into sharp focus. For example, a recent patent bill proposed 
in India would prevent the production of generic (cheaper copies of brand 
name products) alternatives to larger company drugs. This would pose a 
large problem for many African countries because the bill would prevent 
Indian firms from selling anti-viral drugs. These integral drugs would be 
used to fight the AIDS virus, which continues to be a rampant problem in 
this area of the world. The new patent would drastically increase prices and 
therefore affect the treatment of millions of people infected with HIV in 
Africa.[22] Should African countries have a say in Indian patent law? What 
kind of judicial body should deal with the dispute? The Hague Conference 
on Private International suggested judicial solutions, but none have yet to 
be satisfactorily initiated. 


Ultimately, international relations and patents now rest in any uneasy 
partnership of treaties that deal with increasing numbers of international 
patenting. 


Fig. 2. The spread of HIV is most severe in sub-Saharan Africa. Although countries in West and Cen- 
tral Africa were among the first to be hit by HIV, more recently the virus has spread to countries in 
the Horn of Africa where the worst epidemics are now found. [Source: (2)] 


AIDS population distribution, 2000. [23] 


Are Ideas Patentable? 


"We got our patent for 
‘alternating diaphragm 
contraction and relaxation 
effecting pulmonary uptake and 
exhaust’. Now whenever 
anybody breathes, we collect a 
royalty." 


The constitution states that "inventions" can be patented to protect the 
inventor's right to make a profit over his or her discovery. Mere ideas that 
do not have any concrete commercial function cannot be patented. 
However, in modern science, including the field of nanotechnology, the line 
between an invention and an idea has become blurred. For example, in the 
field of genetic research, certain genes have been patented by researchers. 
In some cases, researchers have identified both the sequence and the 
specific function of a gene, which they are trying to patent. However, if a 
researcher merely discovers a novel gene without knowing the possible 
commercial uses of it, will the gene still be patentable? It is relatively easy 
to discover a multitude of novel genes; however it is quite difficult to 
establish a commercial use for it. Hence, this issue is highly controversial 
and parallels the problems in the "patentability of ideas." An idea, like a 
gene, is very easy to create. While some researchers can supplant an idea 


with a concrete commercial purpose in today's world, others simply 
"discover" the idea. To come up with an idea, just like identifying a gene, is 
relatively easy, whereas to define a tangible function for the idea/gene is 
considerably difficult. For example, any average Joe can create an idea for a 
futuristic hover car but it would take a large research team and a couple 
"Albert Einsteins" to make one. Thus, where can we draw the line when it 
comes to this issue? Are all genes patentable even if a researcher can not 
demonstrate its use? Similarly, are all ideas patentable even if an inventor 
can not physically demonstrate its use? Will the patenting of ideas and 
genes monetarily hinder research that will help establish their specific 
commercial function?[24] All of these questions demonstrate the inherent 
problems between modern scientific research and patents.[25] This crisis 
must be sorted out for research to truly continue. As a result, the United 
States government and the USPTO are still trying to work with scientists 
and researchers to resolve this problem in the case of genetic research. 
Currently, this problem, however, has yet to be solved and there is still great 
deliberation about this in both the scientific community and the 
government.[26] 


Figure 6: Human Genome 
Karyotype.[27] 


Furthermore, if the government allows a researcher to scan the human 
genome (easy process) and hypothetically patent hundreds of vital genes, 
then, similarly, one can argue that hundreds of feasible ideas can be 
patented even if their commercial function is not physically defined. If this 
is possible, then what does patenting an idea entail? Will the patentee get 
royalties every time someone researches a way to convert their idea into a 
usable product? Or will it go so far as a patentee will collect royalties every 
time someone merely thinks about their idea? Obviously, a fine line must be 
drawn by the USPTO in order to prevent this scenario from getting out of 
hand. Hence, due to the hypothetical nature of modern scientific research in 
genetics and nanotechnology, this "fine line" is necessary for an orderly and 
efficient transfer of technology from research to commercial products. 
Ultimately, as soon as this feat is accomplished, society will benefit as a 
whole. 


Nanotechnology and Patenting 


Because of its place on the frontier of modern scientific research, 
nanotechnology is a field that is and will be constantly affected by the 
patenting system of both the United States and the world. First, due to the 
wide variety of applications of nanotechnology, both corporations and 
universities are becoming more and more involved with this field. As a 
result, the capitalism of nanotech corporations is protected by the patent 
system, while patents from government-funded research by universities are 
protected by the Bayh-Dole Act of 1980. Hence the core of nanotech 
research is intertwined with the United States patent system. In addition, 
due to the nature of nanotechnology (and genetic research-see "Are Ideas 
Patentable?"), considerable research is done on hypothetical applications 
that, at the present time, have no physical commercial function. As a result, 
the "patentability of ideas" is an important issue in nanotechnology. Thus 
the USPTO's ability to resolve this issue is integral to modern research in 
this field. 


Further complications in patenting nanotech inventions result from the 
nature of the technology. Some of these problems have been resolved. First, 
the USPTO has established official guidelines for simply defining the field 
(See "Useful Links"). Second, three basic areas for nanotech patenting have 
been defined as well. Ultimately, as in genetic engineering, the USPTO and 
other international patenting offices must adjust and adapt to the onset of a 
new type of modern scientific research in the field of nanotechnology. 


Discussion Questions 


1. Explain how a patent system in one country can greatly affect other 
countries around the world. How do you think this problem should be 
solved? Can it be? 

2. Analyze the relationship between the patentability of genes and the 
patentability of the ideas. What are the similarities? What are the 
differences? 

3. If you were a senator, how would you vote in a decision on patenting 
genes? Would you be for or against it? Why? 

4. How did the Bayh-Dole Act allow Dr. Smalley to patent his discovery 
of the Buckyball? What would have happened if he discovered it prior 
to 1980? 
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Buckyballs: Their history and discovery 


Note: This module was developed as part of a Rice University Class called 
"Nanotechnology: Content and Context" initially funded by the National 
Science Foundation under Grant No. EEC-0407237. It was conceived, 
researched, written and edited by students in the Fall 2005 version of the 
class, and reviewed by participating professors. 


"“This year's Nobel Prize in Chemistry has implications for all the natural 
sciences. The seeds of the discovery were sowed by a desire to understand 
the behavior of carbon in red giant stars and interstellar gas clouds. The 
discovery of fullerenes has expanded our knowledge and changed our 
thinking in chemistry and physics. It has given us new hypotheses on the 
occurrence of carbon in the universe. It has also led us to discover small 
quantities of fullerenes in geological formations. Fullerenes are probably 
present in much larger amounts on earth than previously believed. It has 
been shown that most sooty flames contain small quantities of fullerenes. 
Think of this the next time you light a candle!””" 


-From the presentation speech for the Nobel Prize in Chemistry, 1996 


Introduction 


In 1996, the Royal Swedish Academy of Sciences awarded the Nobel Prize 
in Chemistry, the most prestigious award in the world for chemists, to 
Richard Smalley, Robert Curl, and Harold Kroto for their discovery of 
fullerenes. They discovered fullerenes (also called buckyballs) in 1985, but 
the special properties of the buckyballs took a few years to prove and 
categorize. Although by 1996 no practical applications of buckyballs had 
been produced, scientists appreciated the direction this discovery based in 
organic chemistry had led scientific research, as well as its specific 
contributions to various other fields. The accidental discovery of fullerenes 
also emphasizes the benefits and unexpected results which can arise when 


scientists with different backgrounds and research aims collaborate in the 
laboratory. 


What are Buckyballs? 


Before going into detail about the actual buckyball, we should discuss the 
element that makes its structure possible, carbon. Carbon is the sixth 
element on the periodic table, and has been found to be at least a partial 
constituent in over 90 per cent of all chemicals known to man. Indeed, its 
electron-bonding properties grant it a versatility specific to carbon, allowing 
it to be so widely functionalized, and more importantly, the reason for life 
on Earth. Anything that is living is necessarily chemically based on Carbon 
atoms, and for this reason, substances containing carbon are called organic 
compounds, and the study of them is called organic chemistry. 


Though carbon is involved in chemistry with all sorts of other elements and 
compounds, it can also exist in pure carbon states such as graphite and 
diamond. Graphite and diamond are two different allotropes of carbon. An 
allotrope is a specific physical arrangement of atoms of an element. So 
although diamond and graphite are both pure carbon, because the crystalline 
structure of each is significantly different, their chemical and physical 
properties (as well as value) are very different. 


Above: diamond Below: carbon. Notice how the structure of the two 
allotropes vary, even though they are both made of the same carbon atoms 
(black) 
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Diamond and graphite are not the only known allotropes pf carbon, chaoit 
and carbon(VI), discovered in 1968 and 1972, respectively, have also been 
found. Even more recently, the Buckminsterfullerenes, the subject of this 
module, were discovered at Rice by Smalley, Kroto,and Curl. 
Buckminsterfullerenes is actually a class of allotropes 


Above: C540 Below: C60 Both of these are different allotropes of carbon. 
C60 is the most common and the most popularized of the 


Buckminsterfullerenes. Not shown is the second most common Buckyball, 
C70. 


The Icosahedral 
Fullerene C540 


In fact, scientists have now discovered hundreds of buckyballs of different 
sizes, all with the trademark spherical-like shape. To differentiate them, 
each allotrope is denoted as C (for carbon) with the number of carbon atoms 
in the subscript (i.e. C80). Technically, the geometrical shapes that these 
buckyballs share are actually known as geodesics, or rather, polyhedrons 


that approximate spheres. Specifically, the commonly depicted C60 
buckyball is a truncated icosahedron. A more satisfactory representation of 
it can be had in a soccer ball, with which it shares the exact same shape. It 
is made up of 12 pentagons, each surrounded by 5 hexagons (20 in all). 


The Discovery 


British chemist Harold W. Kroto at the University of Sussex was studying 
strange chains of carbon atoms found in space through microwave 
spectroscopy, a science that studies the absorption spectra of stellar particles 
billions of kilometers away to identify what compounds are found in space. 
This is possible because every element radiates a specific frequency of light 
that is unique to that element, which can observed using radiotelescopes. 
The elements can then be identified because a fundamental rule of matter 
stating that the intrinsic properties of elements apply throughout the 
universe, which means that the elements will emit the same frequency 
regardless of where they are found in the universe. Kroto took 
spectroscopic readings near carbon-rich red giants, or old stars with very 
large radii and relatively low surface temperatures, and compared them to 
spectrum lines of well-characterized substances. He identified the dust to be 
made of long alternating chains of carbon and nitrogen atoms known as 
cynopolyynes, which are also found in interstellar clouds. However Kroto 
believed that the chains were formed in the stellar atmospheres of red giants 
and not in interstellar clouds, but he had to study the particles more closely. 


At the same time, Richard Smalley was doing research on cluster chemistry, 
at Rice University in Houston, Texas. “Clusters” are aggregates of atoms or 
molecules, between microscopic and macroscopic sizes, that exist briefly. 
Smalley had been studying clusters of metal atoms with the help of Robert 
Curl, using an apparatus Smalley had in his laboratory. This laser- 
supersonic cluster beam apparatus had the ability to vaporize nearly any 
known material into plasma using a laser, which is a highly concentrated 
beam of light with extremely high energy. 


Through an acquaintance with Curl, Kroto contacted Smalley and discussed 
the possibility of using his apparatus to recreate the high-heat conditions of 
a red giant’s atmosphere in order to study the clusters of carbon produced, 


which might give Kroto insight as to the formation of the carbon chains. 
Smalley conceded and Kroto arrived in Smalley’s laboratory in Rice 
University on September 1, 1985 whom began working on the experiment 
along with graduate students J.R. Heath and S.C. O’Brien. 


Smalley’s apparatus 


Smalley’s apparatus, shown above, fires a high energy laser beam at a 
rotating disk of graphite in a helium-filled vacuum chamber. Helium is used 
because it is an inert gas and therefore does not react with the gaseous 
carbon. The intense heating of the surface of the graphite breaks the C—C 
bonds because of the intense energy. Once vaporized, the carbon atoms cool 
and condense in the high-pressure helium gas, colliding and forming new 
bond arrangements. Immediately upon cooling several degrees above 


absolute zero in a chamber, the carbon leads to a mass spectrometer for 
further analysis. 


A mass spectrometer uses an atom or molecule’s weight and electric charge 
to separate it from other molecules. This is done by ionizing the molecules, 
which is done by bombarding the molecules with high energy electrons 
which then knocks off electrons. If an electron is removed from an 
otherwise neutral molecule, then the molecule becomes a positively charged 
ion or cation. The charged particles are then accelerated by passing through 
electric plates and then filtered through a slit. A stream of charged particles 
exits the slit and is then deflected by a magnetic field into a curved path. 
Because all the particles have a charge of +1, the magnetic field exerts the 
Same amount of force on them, however, the more massive ions are 
deflected less, and thus a separation occurs. By adjusting the strength of the 
accelerating electric plates or the deflecting magnetic field, a specific mass 
can be selected to enter the receptor on the end. After adjusting the 
experiment, it became greatly evident that the most dominant molecule 
measured was 720 amu (atomic mass units). By dividing this number by the 
mass of a single carbon atom (12 amu), it was deduced that the molecule 
was comprised of 60 carbon atoms (720 / 12 = 60). 


44 52 60 68 76 8 8=684 
Number of atoms of mass 12.00 


University of Wisconsin 


The next task was to develop a model for the structure of C60, this new 
allotrope of carbon. Because it was overwhelmingly dominant, Smalley 
reasoned the molecule had to be the very stable. The preferred geometry for 
stable molecule would reasonably be spherical, because this would mean 
that all bonding capabilities for carbon would be satisfied. If it were a chain 
or sheet like graphite, the carbon atoms could still bond at the ends, but if it 
were circular all ends would meet. Another hint as to the arrangement of the 
molecule was that there must be a high degree of symmetry for a molecule 
as stable as C60. Constructing a model that satisfied these requirements was 
fairly difficult and the group of scientists experimented with several models 
before coming to a conclusion. As a last resort, Smalley made a paper 
model by cutting out paper pentagons and hexagons in which he tried to 
stick them together so that the figure had 60 vertices. Smalley found that he 
create a sphere made out of 12 pentagons interlocking 20 hexagons to make 
a ball. The ball even bounced. To ensure that the shape fulfilled the bonding 
capabilities of carbon, Kroto and Curl added sticky labels to represent 
double bonds. The resulting shape is that of a truncated icosahedron, the 
same as that of a soccer ball. Smalley, Curl, and Kroto named the molecule 
buckminsterfullerene after the American architect and engineer Richard 
Buckminster Fuller who used hexagons and pentagons for the basic design 
of his geodesic domes. 


Eleven days after they had begun, the scientist submitted their discovery to 
the prestigious journal Nature in a manuscript titled “C60 
Buckminsterfullerene.” The journal received it on the 13th of September 
and published it on the 14th of November 1985. The controversial 
discovery sparked approval and criticism for a molecule that was 
remarkably symmetrical and stable. 


How Buckyballs are made? 


Experimentally, Smalley, Kroto, and Curl, first created the buckyballs using 
Smalley’s laser-supersonic cluster beam apparatus to knock carbons off of a 


plate and into a high pressure stream of helium atoms. They would be 
carried off and immediately be cooled to only a few degrees above absolute 
zero, where they would aggregate and form these buckyballs. This method 
however, resulted in low yields of buckyballs, and it took nearly five years 
until in 1990 newer methods developed by American and German scientists 
could manufacture buckyballs in large quantities. 


The common method today involves transmitting a large current between 
two graphite electrodes in an inert atmosphere, such as Helium. This gives 
rise to a carbon plasma arc bridging the two electors, which cools 
instantaneously and leaves behind a sooty residue from which the 
buckyballs can be extracted. 


These methods of producing buckyballs do deserve a great deal of applaud. 
However, humans cannot take all, or even most of, the credit for the 
production of fullerenes. As a matter of fact, buckyballs occur in nature, 
naturally, and in greater amounts than expected. Buckyballs are known to 
exist in interstellar dust and in geological formations on Earth. Even closer 
to home are the buckyballs that naturally form in the wax and soot from a 
burning candle, as the flame on the wick provides the sufficient conditions 
for such processes to occur. Buckyballs are the new sensation for us, but to 
Nature, they are old news. 


Chemical and Physical Properties 


Since buckyballs are still relatively new, there properties are still being 
heavily studied. Buckyballs’ unique shape and electron bonding give them 
interesting properties on the physical level, and on the chemical level. 


Since spheres in nature are known to be the most stable configurations, one 
could expect the same from fullerenes. Indeed this is one of the reasons 
why Smalley, Curl, and Kroto initially considered its shape. Their tests 
showed that it was extremely stable, and thus, they reasoned, it could be a 
spherical-like geodesic. Also, fullerenes are resilient to impact and 
deformation. This means, that squeezing a buckyball and then releasing it 
would result in its popping back in shape. Or perhaps, if it was thrown 


against an object it would bounce back; ironically just like the very soccer 
ball it resembles. 


Buckyballs are also extremely stable in the chemical sense. Since all the 
carbon-carbon bonds are optimized in their configuration, they become very 
inert, and are not as prone to reactions as other carbon molecules. What 
makes these bonds special is a property called aromaticity. Normally, 
electrons are fixed in whatever bond they constitute. Whereas in aromatic 
molecules, of which hexagonal carbon rings are a prime example, electrons 
are free to move (“delocalize”) among other bonds. Since all the fullerenes 
have the cyclo-hexanes in abundance, they are very aromatic, and thus have 
very stable, inert, carbon bonds. Buckyballs, though sparingly soluble in 
many solvents, are in fact the only known carbon allotropes to be soluble. 


An interesting feature of Fullerenes is that their hollow structure allows 
them to hold other atoms inside them. The applications of this are abound, 
and are being studied to great extent. 


Important to note about any new material is its health concerns. Although 
believed to be relatively inert, experiments by Eva Oberdorster at Southern 
Methodist University, presented some possible dangers of fullerenes. She 
introduced buckyballs into water at concentrations of 0.5 parts per million, 
and found that largemouth bass suffered a 17-fold increase in cellular 
damage in the brain tissue after 48 hours. The damage was of the type lipid 
peroxidation, which is known to impair the functioning of cell membranes. 
Their livers were also inflamed and genes responsible for producing repair 
enzymes were activated. As of 10/20/05, the SMU work had not been peer 
reviewed. 


What have buckyballs contributed to science? 


After the astrophysicists D.R. Huffmann and W. Kratschmer managed to 
produce larger quantities of fullerenes in 1990, scientists further 
investigated the structure and characteristics of buckyballs. Research on 
buckyballs has led to the synthesis of over 1000 new compounds with 
exciting properties, and over 100 patents related to buckyballs have been 
filed in the US. In addition, an important new material, nanotubes, has 


exploded onto the scientific scene in recent years. The discovery and 
manufacture of nanotubes resulted directly from research on buckyballs. 
Finally, although buckyballs have not yet been used in any practical 
applications, partly due to the high cost of material, researchers are using 
buckyballs to learn more about the history of our world, and companies are 
devising some interesting uses for buckyballs even today. 


Nanotubes 
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The discovery of nanotubes in 1991 by S. Iijima has been by far the 
buckyball’s most significant contribution to current research. Nanotubes, 
both single- and multi-walled, can be thought of as sheets of graphite rolled 
into cylinders and sometimes capped with half-fullerenes. Nanotubes, like 
fullerenes, possess some very unique properties, such as high electrical and 
thermal conductivity, high mechanical strength, and high surface area. In 
fact, carbon nanotubes provide a clear example of the special properties 
inherent at the quantum level because they can act as either semi- 
conductors or metals, unlike macroscopic quantities of carbon molecules. 
These properties make nanotubes extremely interesting to researchers and 
companies, who are already developing many potentially revolutionary uses 
for them. 


What are buckyballs teaching us about our world? 


A paper published on March 28, 2000 in the Proceedings of the National 
Academy of Sciences (PNAS) by Becker, Poreda, and Bunch uses 
buckyballs to provide new evidence for early periods in earth’s geological 
and biological history. By exploiting the unique properties of buckyballs, 
these three scientists were able to study geology in a new way. First of all, 
the unique ability to extract fullerenes (unlike graphite and diamond) from 
organic solvents allowed them to isolate carbon material in the meteorites, 
then the unique cage-like structure of fullerenes allowed them to investigate 
the noble gases enclosed within the ancient fullerenes. In their study, the 
researches found helium of extraterrestrial origin trapped inside buckyballs 
extracted from two meteorites and sedimentary clay layers from 2 billion 
and 65 million years ago respectively. The helium inside these buckyballs 
bears unusual ratios of 3He/4He coupled with non-atmospheric ratios of 
A40Ar/36Ar, which according to their research indicates extraterrestrial 
origin. In addition, they have shown that these fullerenes could not have 
been formed upon impact of the meteorite or during subsequent forest 
fires.iBecker, Poreda, and Bunch. 2982. 


The discovery of the extraterrestrial origin of the enclosed helium has far- 
reaching implications for the history of the earth. For example, the 
existence of the carrier phase of fullerenes suggests that “fullerenes, 
volatiles, and perhaps other organic compounds were being exogenously 
delivered to the early Earth and other planets throughout time.” iiBecker, 
Poreda, and Bunch, 2982. With more research, it might even be possible to 
determine whether meteorite impacts on earth could have triggered global 
changes or even brought carbon and gases to earth that allowed for the 
development of life! 


Uses 


Why does it matter? Why should anyone care? These buckyballs are giving 
scientists information about allotropes of carbon never before conceived. 
More importantly, these buckyballs might allow engineers and doctors do 
what was never before possible. These are some of the applications for 
buckyballs currently in research. 


Medical uses for buckyballs 


Drug Treatments 

Buckyballs are now being considered for uses in the field of medicine, both 
as diagnostic tools and drug candidates. Simon Friedman, a researcher at 
the University of Kansas, began experimenting with buckyballs as possible 
drug treatments in 1991. Because buckyballs have a rigid structure (unlike 
benzene rings, often used for similar purposes), researchers are able to 
attach other molecules to it in specific configurations to create precise 
interactions with a target molecule. For example, Friedman has created a 
protease inhibitor that attaches to the active site of HIV 50 times better than 
other molecules. C Sixty, a Toronto based company that specializes in 
medical uses of fullerenes, plans to test on humans two new fullerene-based 
drugs for Lou Gehrig’s disease and HIV in the near future. 


Gadolinium Carriers 

Another medical use for buckyballs is taking place in the field of 
diagnostics. Buckyballs unique cage-like structure might allow it to take the 
place of other molecules in shuttling toxic metal substances through the 
human body during MRI scans. Usually, the metal gadolinium is attached to 
another molecule and sent into the body to provide contrast on the MRI 
scans, but unfortunately these molecules are excreted from the system 
quickly to reduce the chance of toxic poisoning in the subject. Lon Wilson 
of Rice University and researchers at TDA Research have encased 
gadolinium inside buckyballs, where they cannot do harm to the patient, 
allowing them to remain inside the body longer, but still appear in MRI’s. 


So far this application has been successfully tested in one rat. Wilson and 
others have begun to develop even more applications for the tiny little cages 
that could one day help revolutionize medicine. 


Engineering Uses 


Nano STM 

The Scanning Tunneling Microscope (STM) is one of the foremost tools in 
microscopy today; boasting the ability to to map out the topology of 
material surfaces at atomic resolution (i.e. on the order of 0.2 nanometers). 
The STM achieves this feat by bringing a needle point, functioning as a 
probe, within just several nanometers of a sample's surface. At these minute 
scales, even small disturbances can cause the tip to crach into the sample 
and deform itself. A possible solution to this problem would be the 
replacement of the standard needle point with a buckyball. As discussed 
previously, fullerenes bear amazing resilience due to their spherical 
geometry, and would resist distortions from such collisions. 


Buckyballs in circuits 

European scientists are aiming to use buckyballs in circuit. So far, they have 
been able to attach a single fullerene to a copper surface, and then, through 
a process called shrink wrapping, fitted its center with a metal ion and made 
it smaller to increases electric conductivity by a hundred times. 


Lubricants 

Because of their shapes, they could be used equivalently to ball bearings, 
and thus allow surfaces to roll over each other, making the fullerenes 
equivalently lubricants 


Superconductors 
It has been shown that fitting a potassium ion in the buckyball causes it to 
become superconductive. Ways to exploit this are in the research stages. 


Catalysts 
Attaching metals onto the surface of fullerenes offers the possibility for 
buckyballs to become catalysts. 


Conclusion 


As we can see, we have come along way since that fateful year of 1985. 
Strides have been made. We have seen the rise of nanotubes and the new 
science of Nanotechnology. We are still studying the chemical and physical 
properties of buckyballs and continue to be amazed. They have already 
proved to us why they are important; their possible uses in medicine and in 
engineering are broad and profound, while the health risks they posed have 
yet to be fully analyzed. Only time will tell whether they will meet, or 
exceed our expectations as we unfold this brave new world. 


Bibliography 

Nobelprize.org: http://nobelprize.org/chemistry/laureates/1996/press.html 
http://www.science.org.au/nova/024/024print.htm 
http://blogcritics.org/archives/2004/04/10/084049.php 
http://www.science.org.au/nova/024/024key.htm 
http://www.sciencedaily.com//releases/2003/04/030418081522.htm 
http://www.sciencenews.org/articles/20020713/bob10.asp 


Gorman, Jessica. Buckymedicine: Coming soon to a pharmacy near you?. 
Science News Online: July 13, 2002, vol. 162, no. 2. 
http://www.sciencenews.org/articles/20020713/bob10.asp 


Becker, Poreda, and Bunch. Extraterrestrial Helium Trapped in Fullerenes 
in the Sudbury Impact Structure. Science, Vol 272, Issue 5259, 249-252 , 12 
April 1996. 


Personal author: Aldersey-Williams, Hugh. Title: The most beautiful 
molecule : an adventure in chemistry / Hugh Aldersey-Williams. 
Publication info: London : Aurum Press, 1995. Personal author: Baggott, J. 
E. Title: Perfect symmetry : the accidental discovery of 


Buckminsterfullerene / Jim Baggott. Publication info: Oxford [England] ; 
New York : Oxford University Press, 1994. 


Nanocars and the Development of Molecular Manufacturing 


Note: This module was developed as part of a Rice University Class called 
"Nanotechnology: Content and Context" initially funded by the National 
Science Foundation under Grant No. EEC-0407237. It was conceived, 
researched, written and edited by students in the Fall 2005 version of the 
class, and reviewed by participating professors. 


In the late decades of the 20th century, the field of molecular manufacturing 
developed as materials and methods arose that facilitated development of 
new, useful designs. In this chapter, we take a look at the development of 
molecular manufacturing, where it stands today, and its some aspects of its 
future. Since the invention of the Scanning Tunneling Microscope in 1981, 
molecular manufacturing has reached various milestones that we will 
discuss in this section. In addition, we will take a look at a specific 
molecule that was synthesized by Rice University scientists that 
incorporated previously established molecular designs and mechanisms. 
This molecule takes molecular manufacturing further down the path of 
development. 


In 2005, Rice University scientists Dr. James Tour, Kevin Kelly, and others 
built upon established milestones to reach new understandings of 
engineered, deliberate molecular motion. The team of scientists designed a 
molecular structure consisting of a chassis and axle system covalently 
bound to four separate Buckminsterfullerene (C60) molecules (figure 1) 
that facilitates rolling translational motion. The synthesis, structure, 
mobility, and observation of the nanocar will be discussed in subsequent 
sections of this chapter. But first, lets take a look at the developments in 
molecular manufacturing preceding the discovery of nanocar 1. 


Space filling model of nanocar 1. 
The chassis and axles consist of 
oligo (phenylene ethynylene) 
(OPE) molecules along with 4 
wheels that each consist of single 
C60 molecules. The molecule is 
capable of undergoing translational 
motion, perpendicular to the axles 
(shown by the blue arrow). Picture 
courtesy of Rice University Office 
of Media Relations. Reprinted with 
kind permission from Dr. Kevin 
Kelly. 


A Brief Review of Early Advances in Nanoscale Design 


To understand how the nanocar fits into the larger scheme of molecular 
manufacturing, we will review some instrumental developments in 
molecular manufacturing that jump-started the field. We will also introduce 
a couple of molecular components that facilitate the design of mobile 
molecules—bearings and axles. 


Scanning Tunneling Microscopy Introduces a New Frontier 


The invention of the Scanning Tunneling Microscope (STM) by IBM’s 
Gerd Binning and Heinrich Rohrer in 1981 was vital to the development of 
molecular manufacturing and nanoscale design. The function of the STM is 
two-fold. First of all, STM imaging allowed scientists to visualize atomic 
surfaces. Secondly, STM tips are capable of directly manipulating 
individual atoms and molecules. Both of these functions have been 
instrumental in nanoscale design, and were both employed by the scientists 
involved in the design and observation of nanocar 1. 


Early advances in nanoscale design came in the form of direct 
demonstration of the movement of single atoms and molecules with the use 
of an STM. The first of these demonstrations came in 1989 when IBM 
fellow Don Eigler spelled out the letters "I B M" on a nickel surface using 
35 xenon atoms (figure 2, left). At first glance, the act seemed insignificant, 
criticized by many as merely a stunt. However, at the heart of the 
demonstration lies the fact that Eigler was able to move single atoms that 
could not even be observed less than a decade before. This demonstration 
was a Step forward for the development of nanoscale design, and would be 
followed by subsequent developments. However, a complication of Eigler’s 
method was that it required experimental temperatures near absolute zero— 
an unpractical temperature for the design of useful products. 


Direct Manipulation of Single Atoms and 
Molecules. Left: IBM scientists moved 35 
individual xenon atoms on a nickel surface to 
spell out the letters "I B M". This demonstration 


represented a vital step in the development of 
nanoscale design and molecular manufacturing, 
as Eigler demonstrated that individual atoms 
could be manipulated using an STM. Right: IBM 
scientists placed one hundred and ten 
buckminsterfullerene (C60) molecules in eleven 
separate wells on a copper surface and 
manipulated them to serve as a traditional abacus. 
The demonstration was performed at room 
temperature, and indicated the capability to move 
individual molecules using an STM. Images from 
IBM Zurich Research Laboratory. 


The second demonstration also came from IBM scientists and overcame the 
limitations of the previous experiment. In 1996, IBM’s Zurich laboratory 
produced a nanoscale abacus that consisted of individual C60 molecules 
that functioned as beads that could be pushed back and forth along eleven 
separate rails on a copper surface (figure 2, right). This time around, the 
components were manipulated at room temperature—a practical 
temperature for the design and application of nanoscale products. This 
demonstration represented another vital step in the advancement of 
nanoscale design. It indicated that molecules could be manipulated at room 
temperature and constructed into a functional design—also known as 
‘bottom-up’ design. 


Molecular Building Blocks 


Since the invention of the STM, the field of molecular manufacturing has 
produced various molecules that serve as molecular building blocks for 
more complexly designed molecules that are emerging today. The set of 
building blocks necessary for the development of a design on any scale 
depends on the targeted function of that design. For example, in 
manufacturing an automobile, the necessary materials include bearings, 
axles, and various other components. The same idea applies to nanoscale 
design. Depending on the target function of a molecule, it is necessary to 


use various components. Here, we take a look at some of the molecular 
building blocks required to synthesize mobile molecules. Keep in mind that 
these components, and various others, will be used to describe the structure 
and function of nanocar 1. 


The detailed structure and chemistry of the various systems used in the 
design and synthesis of molecular components is beyond the scope of this 
text. However, we will provide a general overview of a few molecular 
structures that are instrumental in the design of mobile, functional 
molecules. With the introduction of each molecular mechanical component, 
we will provide comparisons with its macroscopic counterpart in order to 
clarify the functionality of each system. 


Bearings 

Bearings are structures that function to reduce energy loss to friction during 
various processes. Bearings are found in almost every rotating part of your 
car and facilitate smooth rotation of parts from the wheel up to the 
transmission. Researchers have investigated various systems to replicate 
this function on the molecular level. Here we take a look at the molecular 
bearing designed by scientists working in Japan. A monolayer of tightly 
packed C60 molecules was sandwiched between two single sheets of 
graphite to form a molecular bearing. The structure resulted in an ultra- 
lubricated system with zero frictional forces when the graphite sheets were 
moved along the rotating C60 molecules(figure 3). 


Molecular Bearings Left: The C60 molecular 
bearings consist of a single layer of tightly 
packed C60 molecules to create a frictionless 
system of sliding-translational motion of the 
graphite sheets. The rotating C60 
moleculesallow for smooth movement of the 
graphite sheets. Right: A ball bearing that is 
used to facilitate reduced friction rotation of 
wheels. The rotating metallic balls allow for 
smooth rotation of the outside ring surrounding 
the balls. 


Axles 

Axles function to transfer mechanical energy to turn a specific object such 
as a wheel. An effective axle is characterized by two functions: 1) it must 
be able to rotate freely and 2) must be in a fixed, linear position. The axle 
must be able to rotate freely because its function is dependent on its ability 
to transfer mechanical energy to rotate an attached structure. In the case of 
an automobile, the axle functions to transfer energy generated by the engine 
to rotate the wheels of the vehicle. An axle must be in a fixed, linear 
position because it must provide enough support to withstand forces placed 
on it, such as the weight of a chassis. On the molecular scale, the two 
functions of an effective rotor are encompassed in the structure of a triple 
bond, as opposed to single or double bonds (figure 4). A single bond is able 
to rotate freely, but is not in a fixed linear position. On the other hand, 
double bonds are in a fixed position, but are unable to rotate. 
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Molecular Axles: Here, bonds between 
benzene molecules are used to illustrate the 
differences between single, triple, and double 
bonds. The differences in the characteristics of 
the three types covalent bonds described above 
differentiate their functionality as molecular 
axles. An axle must be fixed in a linear 
structure and be able to rotate along the axis of 
the bond. A single bond (left) is able to rotate, 
but does not provide a fixed angle and 
position. A double bond (right) is fixed in a 
180° angle, but is inhibited from rotational 
motion. A triple bond (center) is both fixed in 
a linear position and capable of rotating freely, 
therefore the most viable option for a 
molecular axle. 


As you have observed, the link between structure and function is vital to 
designs on both the macro and nanoscale. The structures described here do 
not, by any means, encompass the countless molecular structures that are 
required for the synthesis of functional molecules, but serve only to provide 
a general idea of the types of designs involved in molecular manufacturing. 
With this brief introduction to molecular manufacturing we are prepared to 
examine a specific example of molecular manufacturing: nanocar 1. 


Design, Structure, and Function of Nanocar System 


The structure of nanocars facilitates their function. Therefore, their structure 
and more importantly the precise, deliberate engineering of their structure 
through assembly and implementation represents vital progress in nanoscale 
design and molecular manufacturing. Studying the mechanics of rotors and 
motors from the bottom up, starting with the simplest molecules possible, 
the Tour group engineered nanocars as the first in a series of tools to test 
molecular mechanics and prove the viability of molecular design. 


Central to understanding the implications of the Tour Group research is an 
understanding of the structure of the nanocars—their design and their 
function. To best address the nanocar structure we will analyze its design 
and assembly in three components: the wheel, the chassis, and the surface it 
operates on. As it turns out, each of these aspects is equally important in 
determining the functionality of the nanocar and is therefore the best way to 
analyze the structure of the nanocar system. 


Wheels 

The driving characteristic of the wheel, if you will, is its ability to roll. 
Apart from this implicit necessity, the wheel must also be of a size that can 
be imaged with an STM. If a molecule is too big the STM cannot resolve it. 
Likewise, if a molecule is too small the STM cannot discern it from its 
neighbors. A wheel must also be large enough to have ‘ground clearance’ 
whereby the wheel is of sufficient height or radius to elevate the chassis 
high enough above the operating surface to avoid molecular interactions. 
Ease of synthesis must also be considered in the selection of a wheel. A 
molecular wheel must be reactive enough to bond with its chassis in order 
to synthesize the molecule. 


Buckminsterfullerene compared to 
soccer ball. The alternating 


pentagonal and hexagonal cyclical 
bond structures form a spherical 
shell reminiscent of a soccer ball. 
The functional properties of the 
C60 molecule are a result of the 
ordered bonding of the molecule. 


Clearly, there are many considerations that must be taken into account when 
choosing a wheel. The Tour Group at Rice University selected C60 as their 
wheel for their first nanocar. C60 is entirely composed of carbon with 
alternating pentagonal and hexagonal cyclical bond structures that form a 
spherical shell reminiscent of a soccer ball (figure 5). Ideally, this structure, 
under the right conditions, could roll with its compact surface and spherical 
shape. Furthermore, it is of a height that can be imaged with an STM and 
elevate the chassis to prevent interactions with the operating surface. In a 
subsequent section, we will learn more about how these concepts were 
tested and observed by the Tour Group. 


Although C60 is an attractive molecule to test rolling versus sliding motion 
at the molecular level, there are some disadvantages to its structure. The 
properties of C60 limit the synthesis of the nanocar molecule. In particular, 
the pi bonds of the molecule react with the palladium catalyst to interfere 
with chassis synthesis. For this reason, the chassis was synthesized first and 
the C60 wheels were attached last. 


The future of nanocar wheels will include the introduction of more 
controlled synthesis and variable size. In the short term, the Tour Group is 
investigating the use of carborane molecules, spheroid molecules comprised 
of carbon and boron, to have more control over the synthesis. They believe 
the carborane molecules will exhibit more compliant chemistry for their 
functional needs (figure 6). In the long term, the Tour Group is investigating 
large, complex organic molecules that are modeled after bicycle wheels 
with an outer rim and connecting spokes. This bicycle wheel would be 
made predominantly of carbon and allow for variable size depending on the 
length of the spokes and circumference of the rim. 


Carborane— 
Possible Wheel. 
The Carborane 
molcule is a 
spheroid molecules 
comprised of 
carbon (white) and 
boron (black). It is 
studied for its 
possibilies of 
serving as a 
molecular wheel. 
Image is from 
Scientific Glass 
Engineering 
website 


Chassis 

Continuing the analysis of the nanocar structure, we will investigate the 
chassis of the nanocar, including aspects of its design and functionality. 
When designing a viable chassis the Tour Group took into consideration 
three primary goals: one, how to physically connect the wheels, two, how to 
facilitate rotational motion of the wheels, and three how to develop a 
structure that allows the orientation of the molecule to be determined by 
STM. Molecular components of the chassis were also considered in order to 


maintain ease of synthesis. In addition to developing and understanding 
nanocar 1, the group also aims to add functionality to the chassis. 


Structure of nanocar 1. The various components of the design of 
nanocar 1 are illustrated in this figure including the four 
buckminsterfullerene wheels, four alkyne axles, and chassis. Picture 
courtesy of Rice University Office of Media Relations, reprinted with 
kind permission from Dr. Kevin Kelly. 


The Tour Group addressed these goals in their design of the chassis in 
several ways (Figure 7). To physically attach the wheels to each other, the 
Tour Group designed a simple four-axle system reminiscent of a car. There 
are two axles in the front and two in the back connected to each other by a 
central shaft. Within the design of the axles, the Tour Group addressed the 
second goal of how to allow free spinning of the wheels. As discussed 
earlier, the axles are comprised of triple bonded carbon atoms, which allow 
for free rotation about the axle, while maintaining linearity with the 
adjacent axle (figure 4). The spinning of these triple bonds begins at 30 


degrees Kelvin and has been shown to have virtually no frictional hindrance 
on the system. This is optimal for a preliminary research into rolling motion 
because it constrains free variables of the system. In other words, because 
the triple bonds do not add meaningful frictional forces to the system above 
30 degrees Kelvin, all experimental results can be attributed to the 
chemistry of the wheel and its rolling or slipping interactions with the 
surface it operates on. Thirdly, the ease with which the nanocars can be 
resolved with an STM was in part dictated by the structure of the chassis. 
Specifically, the chassis was designed to have a central shaft longer than the 
length of the front or rear axles. The nanocar is wider than it is long. This is 
important in microscopy because it allows the observer to note the 
orientation and therefore the direction of translational motion of the 
nanocar. As far as the synthesis of the molecule, the Tour Group added 
functional branches to the phenyl groups on the axles and central shaft, 
which suspend the molecule in solution and allow for better mixing, better 
reaction, and better yields. These essential goals were addressed to produce 
a working nanocar; however, the goal of adding functionality was not 
described. 


While the currently published nanocar is devoid of added functionality, the 
Tour Group is researching additions to the chassis to facilitate transport and 
motility. Nanotrucks are a popular idea and simply refers to a modified 
nanocar that can carry objects. A ‘bed’ could be synthesized into the chassis 
to carry substances ranging from metal ions to oxygen atoms. Of course, the 
object being carried would most likely be specific to the nanotruck 
synthesized and the particular chemistry of its ‘bed’. Furthermore, bonding 
of a metal ion to the chassis of a nanocar would allow for interactions with 
an electric field, providing a mechanism for controlled motion. Along this 
vein, the entire chassis of the nanocar could be designed to maintain a 
dipole moment creating a favored orientation in the presence of an electric 
field. Another form of motility that is being pursued is the addition of a 
light-driven single-directional molecular rotor. This type of rotor would 
ratchet forward through four isomeric states when stimulated by photons. 
The Tour group is looking to append such a motor to their chassis to create 
deliberate and controlled motion. Nanomachines that utilize this deliberate 
and controlled motion will be the next milestone in molecular 
manufacturing. 


The last of the three components of the nanocar to explore is the surface it 
operates on. Surface chemistry plays an undeniable role in the functionality 
of the nanocar, and must be taken into account in designing the system. 
First, a surface must be found where rolling, not sliding, dynamics are 
likely. Secondly, a surface must be chosen on which observations of the 
molecule are clear and measurable. 


Gold was chosen as the operation surface because it was theorized to be 
optimal for the aforementioned considerations. As it turns out, gold does 
accommodate these factors well. It allows for a special type of chemical 
interaction between itself and C60, known as charge transfer bonding. 
While we will not go into the details of charge transfer bonding, it will be 
sufficient for this textbook to consider the molecular interactions between 
the C60 and the gold surface as a type of van der walls forces or weak 
molecular interaction. This type of interaction is optimal for two reasons. 
One, if the bond strengths were any weaker the C60 molecule would simply 
slide like a bearing, as is the case with the C60 on graphite sheets. If the 
bond strengths were any stronger, the C60 molecule would not move at all. 
Therefore, the appropriate strength of molecular interaction between the 
wheel and the surface must be found to allow for rolling motion. Second, 
this interaction is temperature dependent and can be adjusted to control 
motion. Temperature controlled bonding interactions allow for the 
observers to cool the system down to where the bond strengths are more 
effective to give the STM time to resolve an image. Likewise, the system 
can be heated to allow for movement. Of course there is a range of possible 
temperatures that the system is constrained by, namely the temperature of 
decomposition of the nanocar. Therefore, the surface must be able to 
regulate motion while remaining within the available temperature range of 
the stable molecule. Each of these factors contributes to the ease with which 
a molecule’s motion can be observed. In the next section, we focus on this 
subject as we discuss how the Tour Group observed nanocar 1. 


Observations: Rolling versus Sliding 


Observations beyond the range of the naked eye require more deliberate and 
cautioned interpretation of what is observed. Specifically, factual and 
accurate information must be discerned out of various interferences that can 


lead to unsubstantiated conclusions. The Tour group had to surmount these 
uncertainties to conclusively show that the nanocars underwent rolling, 
rather than sliding, translational motion. 


Nanocar translational movement across a gold surface at 
200°C. The pivoting of the molecule’s motion is due to 
out-of-sync rotation of wheel movement. The picture 
indicated path occurred over a minute period (images 
captured ever minute by STM). Reprinted with kind 
permission from Dr. Kevin Kelly <picture courtesy of 
Rice University Office of Media Relations>. 


The choice of a gold surface enabled temperature dependent adhesion to the 
surface, and allowed targeted observation of specific molecules. In the 
picture to the left, you see several nanocars spread out along the Au(111) 
surface. As the researchers increased the temperature to 200°C, the cars 
began to move at such a rate that they noticeably displaced from their 
original position in a period of one minute (figure 8). This indicates that 
200°C is a viable temperature for imaging nanocars on gold with STM. 
However, imaging of the cars at temperatures above 225°C is currently 
impossible due to the rapid motion of the molecules at that temperature. 
The nanocars are moving too quickly to be imaged by the one-minute 
capture rate of the STM. Once the system was heated to 300-350°C, the car 
began to decompose. These observations indicated that motion of the 
nanocars was dependent on temperature. 


It was also observed that the cars did not exclusively undergo translational 
motion, but also rotated. In the image to the right, it can be observed that 
the cars pivot as they move across the frame, changing direction without 
moving forward. The Tour Group explained this rotation as an inability to 
synchronize the rotation of each wheel. 


The Tour Group also observed three-wheeled molecules, or trimers, which 
they found useful in proving rotational motion of the C60 molecules. If the 
cars’ movement were in fact due to rotation, then the trimer would not be 
able to move translationally due to the fact that the three wheels cannot 
rotate in a coordinated manner, that is no two wheels can rotate the same 
parallel plane. This supports the idea that the C60 molecules are rotating, as 
opposed to sliding. To strengthen their assertion, the researchers heated a 
sample of the trimer molecules on the same gold surface to 225°C—a 
temperature at which the four-wheeled molecules rapidly moved out of the 
scanning range of the STM. Upon doing so, they observed that the trimers 
did not undergo significant translational motion, and remained within 
nanometers of their original position. This showed that both the wheels and 
axels of the trimer and nanocar allow for rotational motion, therefore 
substantiating the assertion that translational motion of the nanocar is due to 
rolling. 


The researchers used an STM to pull the nanocar in order to see if there was 
preferential motion (ie. Due to rolling). When the molecules were pulled 
perpendicular to the axles (Figure 9; frame a) the molecule moved in the 
direction of the pull. But, pulling parallel to the axles resulted in no 
translational motion in the direction of the pull (frame b). Lastly, by pulling 
perpendicular to the axles, the nanocar resumed its forward path (frame c). 


Translational Motion of Pulled Nanocars on Gold 
Surface at 200°C. Frame (a) depicts the movement of a 
nanocar pulled perpendicular to its axles. Frame (b) 
indicates the inhibited motion that results from pulling 
parallel to the axles. Frame (c) is another instance of a 
pulling force perpendicular to the axles. Reprinted with 
kind permission from Dr. Kevin Kelly <picture courtesy 
of Rice University Office of Media Relations>. 


These experiments carried out by the Tour Group combined to substantiate 
the claim that the nanocars were rolling on the C60 wheels as opposed to 
sliding. This observation designates the molecule as the first nanocar 
capable of executing a predetermined, engineered motion. These 
experiments lay down a foundation of knowledge on the molecular 
mechanics of motion. Particularly, these experiments conclusively 
demonstrate rolling motion of the C60 on gold surfaces at a given 
temperature. This marks the first step in a greater understanding of 
molecular motion as it applies to molecular manufacturing. 


The Future of the Development of Molecular Manipulation 


Molecular manipulation as a science has developed in steps. Its early steps 
involved movement of atoms and molecules, along with the ability to 
observe those movements. Later came engineered molecular components 
that carried out predetermined functions, such as bearings and axles. At the 
present, nanocars are an example of the developments in motility and 
function of integrated components that serve a unified purpose. But more 


importantly, nanocars are an indicator of developments to come. They are 
ushering in an era of deliberate and controlled motion at the molecular 
level. 


